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Stress is a risk factor for neuropsychiatric disorders such as post-traumatic stress 
disorder and depression, yet not all individuals who are exposed to stress 
develop such disorders. Several factors influence susceptibility versus resilience 
to the effects of stress, including coping strategy biological sex. A growing body 
of research in humans has demonstrated that active coping strategies – defined 
as using available resources to problem solve – are positively correlated with 
resilience. In rodents, resilience to a potent acute stressor can be achieved 
through active coping, such as controlling the termination of a stressor, but only 
in males. During controllable stress males engage a stress mitigating pathway 
between the prelimbic (PL) and dorsal raphe nucleus (DRN), but this pathway 
isn’t engaged by control in females or when stress is uncontrollable in both 
sexes. Thus, neural activity within the ventromedial prefrontal cortex (vmPFC) is 
a critical determinant of stressor-induced anxiety. The mechanism that engage 
vmPFC excitability are not well understood. Therefore, the goals of the 
dissertation were 1) determine if eCBs in the PL promote neuronal excitability 
and behavioral resilience 2) test if ES and IS result in differential activation PL 
afferents, and will specifically test if ES results in greater activation PL-inputs 
from action-outcome associated regions, while IS leads to greater engagement of 
 
  
stress/fear inputs to the PL, and 3) identify network-wide patterns of activation 
and test the hypothesis that the stress and action-outcome networks are 
differentially activated as a function of stressor controllability and/or sex. We’ve 
demonstrated that augmenting eCBs in the PL increased excitability through a 
CB1 and GABA receptor dependent mechanism and was sufficient to block the 
stress induced decrease in social exploration. Regarding goal 2, PL inputs from 
the orbitofrontal cortex and DRN were activated in response to stress per se, but 
were not sensitive to stressor controllability and did not differ between males and 
females. PL afferents from the basolateral amygdala and mediodorsally thalamus 
were not sensitive to stress. Lastly, we quantified Fos expression in response to 
controllable and uncontrollable stress in male and female rats in 24 brain regions 
associated with stress, action-outcome learning, and showing sex differences in 
response to stress. Using interregional correlations, we found differences in 
functional connectivity as a function of stressor controllability and sex when 
considering all 24 regions and when considering only stress associated regions. 
Females showed greater overall functional connectivity compared with males, 
and IS resulted in greater overall connectivity than ES. We also reveal potentially 
important nodes in functional connectivity networks using centrality measures to 
identify network hubs. The findings of this research emphasize the need to study 
differences between males and females across all realms of neuroscience, 
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General Introduction 
Stress is a risk factor for the development of neuropsychiatric disorder such as 
PTSD and Depression (Gillikin et al., 2016), but not all individuals that are 
exposed to stress develop such disorders. The sequelae of stress exposure are 
instead modulated by many factors, with one of the most potent regulators being 
an individual’s coping strategy (Maier and Watkins, 2005). A growing body of 
research in humans has demonstrated that active coping strategies – defined as 
using available resources to problem solve – are positively correlated with 
resilience (Southwick, Vythilingam and Charney, 2005; Thompson et al., 2018). 
For example, among at‐risk children (Werner and Smith, 1992), college students 
(Valentiner, David P. Holahan, Charles J. Moos, 1994), traumatized, depressed, 
and healthy adults (Fondacaro and Moos, 1987) active coping strategies have 
been associated with measures of resilience. Active coping is associated with 
lower levels of PTSD among individuals after 9/11 (Silver et al., 2002), and 
reduced stress‐related symptoms in veterans (Sharkansky et al., 2000). Further 
evidence in other non-human mammalian species demonstrates that resilience to 
a potent acute stressor can be achieved through active coping (Maier and 
Watkins, 2005). Understanding the mechanisms through which active coping 
leads to resilience will inform prevention and intervention of stress related 
disorders.  
 
Advances in the understanding of the neurobiology of stress coping and 
resilience owes much of its success to the development of the stressor 
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controllability paradigm (SCP). The SCP allows for the comparison of two groups 
of individuals who have undergone an identical physical stressor that differ only 
in the psychological aspect of control. By also including a stress naïve control, 
this preparation allows the investigator to isolate the contribution of stressor 
controllability from the contribution of stress per se in causing stress-related 
behavioral changes. In these experiments, a pair of subjects, typically rats, 
receives a series of shocks which are unpredictable. The subject in the 
escapable shock condition (ES) terminates the shock for itself and the yoked 
partner (inescapable shock condition: IS) by performing a behavioral response – 
such as wheel turning. Using this paradigm, IS leads to failure to learn to escape 
in a shuttlebox (Jackson, Alexander and Maier, 1980), reduced activity in the 
forced swim test (Weiss et al., 1981), reduced activity in the presence of an 
aversive stimuli (Jackson, Alexander and Maier, 1980), exaggerated fear 
conditioning (Maier, 1990; Baratta et al., 2007; Rau and Fanselow, 2009), 
reduced social interaction (Short and Maier, 1993; Aliczki et al., 2016), opioid 
analgesia (Grau et al., 1981), potentiation of morphine conditioned place 
preference (Will, Watkins and Maier, 1998), decreased aggression and 
dominance (Maier et al., 1986), reduced eating and drinking, and neophobia 
(Maier & Watkins, 2005). Some of these behavioral changes of IS can endure for 
up to seven days, but in each of the above cases rats given control over the 
stressor did not display the stress induced behaviors. Descriptive and 
mechanistic studies making comparisons between IS and ES rats, which will be 
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reviewed below, have enabled the discovery of neural correlates of stress, 
including identification of key regions involved in stress and resilience.  
 
An essential substrate for the stress protective effects of control over stress is 
activation of neurons in the deep layer of the prelimbic (PL) region of the 
prefontal cortex that project to the dorsal raphe nucleus (DRN); This specific set 
of neurons has been shown to be selectively activated during ES (Baratta et al., 
2015), necessary for ES to confer resilience (Amat et al., 2005), and activation of 
these neurons in the absence of control over is sufficient to confer resilience 
(Baratta et al., 2018). Importantly, the mechanisms of circuit selection that lead to 
specific PL-to-DRN output during ES are unresolved. First, the molecular 
mechanisms within the PL which lead to the increased excitability of these output 
neurons are unknown. In Aim 1, I will review a body of work that implicates 
endocannabinoids (eCBs) in circuit selection and stress regulation, present the 
hypothesis eCBs modulate resilience through alter excitatory/inhibitory tone in 
PL, and propose experiments to test this hypothesis. Second, it is unknown 
which specific inputs to the PL are engaged as a function of stress condition. Aim 
2 will discuss relevant inputs systems to the PL including action/outcome, fear, 
and stress associated regions that may be engaged, likely differentially, during 
stress conditions that confer resilience or susceptibility.  I proposed an 
experiment to test the hypothesis that ES results in greater engagement of 
action/outcome associated regions, while IS results in greater engagement of 
stress/fear associated regions. Finally, because behaviors result from complex 
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networks of brain activation rather than discrete brain regions, the PL needs to 
be placed within the context of the stress and action/outcome networks – in both 
of which the PL likely plays an important role. Aim 3 will review the means of 
using measures of functional connectivity to describe brain networks for both 
testing and driving hypotheses and present the hypothesis that ES will produce 
greater intra-connectivity in action/outcome network and greater inter-
connectivity between action/outcome network with stress network.  
 
The first goal of the introduction to this dissertation is to provide a thorough 
survey of the current literature regarding stressor controllability and resilience. I 
begin by summarizing the neurobiological findings that the stressor controllability 
paradigm has enabled since its conception in the 1960s. This summary will 
particularly focus on the roles of the DRN and its postsynaptic targets in 
susceptibility to stress and the regulatory role of the PL in resilience. The second 
goal is to identify the current knowledge gaps by providing a detailed description 
of our understanding of the neurobiology stressor controllability and how the PL 
gets engaged during ES but not IS. The third goal of is to outline the rationale of 
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Neural Consequences of IS 
Early work investigating the neural basis of stress focused on stressor induced 
depression produced by IS. Given the broad array of behavioral changes 
associated with IS mentioned above, it seemed likely to be regulated by a diffuse 
modulatory system that could influence numerous regions mediating the stress 
response. While neither the catecholamine system (Anisman, Ritch and Sklar, 
1981; Weiss et al., 1981) nor the HPA axis (Maier et al., 1986) account for the 
behavioral change, Steve Maier and colleagues demonstrated that the DRN 
serotonin (5-HT) system is both necessary and sufficient to produce the 
behavioral effect of IS. They showed that electrolytic lesions in the DRN prior to 
exposure to IS prevented the enhanced fear conditioning and shuttle box escape 
deficit that was observed after IS in sham lesion controls. These DRN lesions 
had no effect on these behavioral measures in non-stressed rats. Furthermore, 
through reversible pharmacological inhibition either before IS or before 
shuttlebox escape and fear conditioning it was shown that the DRN is critical to 
both the acquisition and later expression of learned helplessness (Maier et al., 
1994). Next, activation of the DRN with the benzodiazepine receptor inverse 
agonist, Methyl 6,7-Dimethoxy-4-ethyl-β3-carboline-3-carboxylate (DMCM) 
without exposure to stress enhanced fear conditioning and interfered with shuttle 
box escape 24 hours later (Maier et al., 1995). Thus, pharmacological stimulation 
of the DRN in the absence of IS was sufficient to produce the behavioral effects 
of IS. These results demonstrate that activation of the DRN itself is both 
necessary and sufficient to produce the behavioral effects of IS. 
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Beyond the necessity and sufficiency of the DRN, Maier and colleagues 
demonstrated more specifically that 5-HT neurons within the DRN accounted for 
the numerous behavioral changes associated with IS. 5-HT neurons in the DRN 
are the primary source of central 5-HT and innervate a wide range of forebrain 
structures such as the vmPFC, basal ganglia, and amygdala, (Jacobs and 
Azmitia, 1992; Hale, Shekhar and Lowry, 2012) which were thought to be 
important to the expression of learned helplessness. Initial descriptive studies of 
the DRN revealed that IS increased fos expression in the DRN 5-HT-neurons 
(Grahn et al., 1999) and increased extracellular 5-HT in the DRN (Maswood et 
al., 1998). It was hypothesized that as a consequence of the sensitivity its 
forebrain projections to stressors, activation of 5-HT in the DRN could mediate 
the broad effects of IS (Maier and Watkins, 2005; Christianson et al., 2010). 
Indeed, increases in extracellular 5-HT after IS were found in, BLA (Amat et al., 
1998a), ventral hippocampus, (Amat et al., 1998a), vmPFC (Bland, Hargrave, et 
al., 2003), and nucleus accumbens shell (Bland, Twining, et al., 2003). 
Intense activation of DRN 5-HT neurons and increased extracellular 5-HT are 
only transient effects of IS (Rozeske et al., 2011), but the behavioral changes 
that result can be observed up to a week later. Efforts to find the mediator of 
these lasting changes revealed that not only does IS result in increased 
activation of the DRN at the time of IS exposure, but also alters DRN activity to 
subsequent stressors - including footshock (Amat et al., 1998a), drugs of abuse 
(Bland, Hargrave, et al., 2003), and social defeat (Amat et al., 2010). Using in 
vivo microdialysis to quantify extracellular 5-HT in the basolateral amygdala 
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during an innocuous social interaction test given 24 h after exposure to ES, IS or 
no stress revealed that only in rats that were exposed to IS did the social 
interaction evoke a significant increase in amygdala 5-HT (Baratta et al., 2007). 
This led to the hypothesis that exaggerated release of 5-HT in the basolateral 
amygdala was the proximal cause of social anxiety in rats exposed to IS, and 
indeed the IS effect was prevented if a 5-HT2C receptor antagonist was infused 
to the basolateral amygdala prior to social interaction tests, but not when given 
before IS. In sum, control over stress is a powerful determinant of DRN 5-HT 
activity during shock and prevents long-lasting changes in the stress sensitivity of 
the DRN system. 
The foregoing was consistent with a hypothesis set forward by Greenwood and 
colleagues (Greenwood et al., 2003) who suggested that IS caused sensitization 
of the raphe, in part, via downregulation of 5-HT1A autoreceptors. 5HT1A are 
somatodendritically expressed GPCRs which activate inward rectifying K 
channels and when activated by 5-HT from recurrent collaterals they inhibit 5-HT 
cell firing and release of 5-HT. Recently, Rozeske et al. (2011) directly tested the 
5-HT1A downregulation hypothesis by quantifying 5-HT1A receptor tone in the 
DRN with in vitro electrophysiology. They found that putative 5-HT neurons 
required significantly larger concentrations of 5-HT or 5-HT1A agonists to 
produce inhibition of spontaneous firing after IS directly pointing to 
downregulation of 5-HT1A receptors (Rozeske et al., 2011).  
To summarize, exposure to uncontrollable stress provides sustained excitatory 
drive to the DRN which in turn leads to downregulation of DRN somatodendritic 
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5-HT1A autoreceptors. This downregulation sensitizes the DRN for a period of 
time (1-7 days) in which subsequent milder stressors will evoke greater 5-HT 
activation and release in projection regions, such as the amygdala, where high 
levels of 5-HT modulate neural circuits which are the proximate mediators of 
stressor induced behaviors; and this is the mechanism by which IS alters many 
behaviors from shuttle learning to social interaction (Christianson and 
Greenwood, 2014)Neural Consequences of ES 
That IS produces greater activation of DRN-5HT neurons – as evidenced by 
increase c-Fos expression in DRN-5-HT neurons and increased extracellular 5-
HT in the DRN – is perhaps one of the most salient differences between ES and 
IS. This difference in activation leads to sensitization of the DRN during IS, but 
importantly does not result in sensitization of the DRN during ES (Amat et al., 
1998a). Given that DRN sensitization is necessary for the behavioral 
consequences of IS, the lack of DRN sensitization is likely the reason ES rats are 
stress resilient. The DRN, however, is unlikely to be the sole region responsible 
for the protective effects of ES as it doesn’t receive the necessary inputs to 
detect whether the onset of offset of a stressor is temporally related to behavior. 
This suggests that an essential component of ES is inhibition of the DRN upon 
detection of the wheel turning/shock termination contingency detection elsewhere 
in the brain.  
  
The vmPFC, being involved in action-outcome learning, is anatomically 
positioned to integrate information about control over stress (i.e. the contingency 
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between turning a wheel and shock termination) with inhibitory regulation of the 
DRN stress response. Given that vmPFC afferents preferentially synapse onto 
GABAergic interneurons in the DRN (Jankowski and Sesack, 2004), stimulation 
of the rat vmPFC reduces firing of DR 5-HT neurons (Hajós et al., 1998; Celada 
et al., 2001).  Amat and colleagues proposed that inhibition of the vmPFC during 
controllable stress would cause these rats to later behave as if their stressor 
exposure had been uncontrollable. Indeed, in rats with pharmacological 
inactivation of the vmPFC during an exposure to controllable stress displayed 
sustained DRN activation, exaggerated fear expression, shuttle box learning 
deficits (Amat et al., 2005), social anxiety (Christianson et al., 2009), increased 
drug seeking (Rozeske et al., 2012), and downregulated DRN 5-HT1A receptors 
(Rozeske et al., 2011) all of which typically only occur when the stressor is 
uncontrollable. Going further, vmPFC inactivation also prevented the long-lasting 
immunizing effects of controllable stress (Amat et al., 2006)which suggests that 
the vmPFC is involved in both the acute regulation of the stress response and 
also to the long-term processes that afford resilience. 
 
In a corresponding set of descriptive experiments, a number of findings suggest 
that it is the PL that is selectively engaged during controllable stress to regulate 
the DRN. First, ES led to greater Fos immunoreactivity in the PL neurons that 
project from the vmPFC to the DRN; and this pathway was also activated upon 
subsequent exposure to IS in the immunization paradigm (Baratta et al., 2009). 
Next, controllable stress exposure increased the intrinsic excitability of deep layer 
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pyramidal neurons in the PL, but uncontrollable stress exposure did not (Varela 
et al., 2012). Third, controllable stress selectively upregulated levels of 
phosphorylated extracellular signal-regulated kinase (ERK), a marker of synaptic 
plasticity (Thomas and Huganir, 2004), within the PL (Christianson et al., 2014). 
Together these findings suggest that during controllable stress there is a high 
level of neuronal activity and plasticity in the PL that mediate the acute and long-
lasting resilience conferred by stressor controllability. Accordingly, 
pharmacological blockade of either PL protein synthesis (Amat et al., 2006), 
NMDA receptors or ERK signaling (Christianson et al., 2014) all prevented the 
acute and immunizing effects of ES. 
Sex Differences in Stress and Stress Controllability 
All work reviewed so far has been conducted in males only, but in addition to 
coping, biological sex is also in important predictor of susceptibility versus 
resilience to stress, as females are more likely to develop a stress related 
neuropsychiatric disorder following acute stress exposure (Tolin and Foa, 2006). 
Moreover, women are twice as likely to experience depression and anxiety 
disorders as men (Breslau and Davis, 1992). These sex differences may reflect 
differences in methods of coping, or differences in the response to stress. Thus, 
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Sex effect the response to stress in several preclinical models. In male rats 
stress has been shown to increase classical conditioning but decreases classical 
conditioning in females (Wood and Shors, 1998). Following acute swim stress, 
females relative to males show elevated levels of plasma corticosterone and 
elevated deoxycoritcosterone and progesterone in plasma and the brain (Sze, 
Gill and Brunton, 2018). Key limbic regions show reduced levels of CREB and 
pCREB following stress in males, while the same regions show no change in 
females (Lin et al., 2009). Acute immobilization stress and forced swim in rats 
results in sex-specific Fos expression in various limbic regions (Sood, Chaudhari 
and Vaidya, 2018). Thus, rodents show sex differences in their behavioral, 
hormonal, and neuromolecular responses to uncontrollable stressors.  
 
Given that sex differences are observed in uncontrollable stress, it is perhaps 
unsurprising to find sex differences in the behavioral response to ES (Leuner, 
Mendolia-Loffredo and Shors, 2004; Baratta et al., 2018). First, in a repeated 
shuttle-box escape training paradigm uncontrollable stress reduced eye blink 
conditioning in females but increased it in males. Control over stress in this 
paradigm oppositely effects eye blink conditioning in males and females. In the 
SCP, IS in females leads to exaggerated freezing and reduced latency to escape 
in a shuttle box compared to HC, similar to what has previously been shown in 
males, but surprisingly ES did no blunt these stress effects in females (Baratta et 
al., 2018). This held true even with a 30% decrease in shock intensity, and these 
findings are further supported by our observations in which females showed a 
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decrease in social exploration at both 1mA and as low as 0.6mA tail shock 
intensity for either ES or IS (Worley & Christianson, unpublished). Though the 
effectiveness of control over stress in females differs between these two studies, 
likely due to differences in methodology, they both demonstrate sex differences 
in the response to control over stress. These sex differences may arise from 
brain regions that are sexually dimorphic is size or connectivity or from sex-
specific engagement of selective stress circuits. But while sex differences in the 
stress related circuitry may account for differences seen in response to stress, 
most research into the neural underpinnings of stress have only been conducted 
in males. 
  
Recent work by Baratta et al has begun to determine the effects of stressor 
controllability on neural activation in females (Baratta et al., 2018). Because the 
protective effects of ES in males are believed to be mediated through PL 
inhibition of the DRN, it's logical to hypothesize that either females lack the DRN-
projecting PL pathway or the existing pathway isn’t engaged during ES in 
females the way it in males. Retrograde tracing from the DRN revealed that while 
the pathway is intact in females, neither IS or ES produce more Fos in DRN-
projecting neurons than HC. Interestingly, pharmacological activation of this 
pathway was sufficient to provide the protective effect in females. In sum, while 
females are able to learn the escape contingency similar to males, ES does not 
engage the PL to DRN neurons and results in equal activation of the DRN in ES 
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as in IS. Presumably this results in DRN sensitization during both IS and ES in 
females. 
ES as Action-Outcome Learning 
The preceding has established a role of the PL in inhibiting the DRN during 
control over stress to provide stress blunting effects, however the PL also plays a 
role in instrumental learning – an essential component of control over stress. 
Here I will focus on instrumental learning as two different processes, goal-
directed learning and habit learning. Goal-directed, also referred to here as 
action-outcome learning, is a type of instrumental conditioning that involves a 
goal-directed action that is acquired through the formation of a response-
outcome (R-O) association. This goal-directed system encodes the relationship 
between an action and the motivational value of the outcome such that 
devaluation of the reward outcome reduces responding. In contrast, habit 
learning is defined by an association between stimulus and response (S-R) 
without any correlation with the outcome. Thus, sensitivity to reward contingency 
differentiates these two types of learning. Importantly, these two systems are 
believed to work in parallel. Evidence suggests that (R-O) learning dominates 
early acquisition but gives way to the (S-R) process with extensive training 
(Balleine and Dickinson, 1998).  Furthermore, elimination of one system – goal-
directed learning – can be compensated for by the other – habit learning – such 
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that the response learning still occurs, but is no longer be sensitive to 
devaluation. 
 
Given the behavioral dissociation of goal-directed and habit learning, work has 
been done to determine if the underlying neural substrates are also dissociable. 
Determining if an instrumental response in rodents has been learned through 
goal-direct or habit learning is typically achieved through conditioning rats to 
perform two operant tasks (such as lever-pressing) followed by devaluation of 
one response. Reduced performance of the devalued response compared to the 
valued response indicates goal-directed learning, while sustained performance of 
the devalued response is taking as an indication of habit learning. In rats, lesion 
of the PL impairs goal-directed learning (Corbit and Balleine, 2003), as does 
intra-PL injection of AP5 (Hart et al., 2018). Because these rats still learn the 
response, the PL does not appear to be necessary for the habit learning system. 
AP5 in the dorsomedial striatum (DMS) also blocks goal directed learning (Hart, 
Bradfield and Balleine, 2018). Furthermore, blocking unilateral PL-inputs to the 
DMS blocks action outcome learning-induced pERK/pMAPK in the DMS, while 
bilateral lesion of PL inputs to the DM blocks goal directed learning (Hart, 
Bradfield and Balleine, 2018). In contrast, lesions to the dorsolateral striatum 
(DLS) prevented habit learning, such that even after extensive training, rats 
remained goal-directed (Yin, Knowlton and Balleine, 2004). Thus, this research 
focused on the neural substrates of instrumental learning demonstrates that goal-
directed vs habit learning can be dissociated base on their underlying 
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neuroanatomy. First, action-outcome learning requires the PL while habit 
learning does not. Second, action outcome learning requires the DMS while habit 
learning requires the DLS. Not only are the PL and DMS necessary for action-
outcome learning, PL-inputs to the DMS prevents goal directed learning also 
appear to be necessary. 
 
Although most of the work into the neural basis of instrumental learning has 
focused on positive reinforcement, recent work using the SCP has demonstrated 
that negative reinforcement (i.e. shock termination) likely engages the same 
circuitry during ES.  ES preferentially induced Fos expression in the DMS but not 
the DLS (Amat et al., 2014), suggesting that ES engages the action-outcome 
circuitry rather than the habit system. Furthermore, pharmacological blockade of 
the DMS, but not DLS, during ES prevented the stress buffering effects on 
behavior and DRN 5-HT (Amat et al., 2014). Blocking the DMS did not however 
impair learning of wheel turning behavior, suggesting that in the absence of the 
DMS the habit system can be engaged through the DLS (Maier, 2015). 
Interestingly, these results of inhibiting the DMS mirror prior findings in the PL. 
This work suggests that control responding (wheel turning) must be learned by 
action-outcome system for stress buffer effects.   
 
To recap, the DRN, at least in males, is sensitized during IS such that 
subsequent stressors result in increased 5-HT release in the proximal mediators 
of stress. During ES in males, DRN sensitization doesn’t occur (Amat et al., 
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2006), possibly through inhibitory regulation from the PL. This latter point is 
supported by evidence that PL to DRN are selectively activated by ES (Baratta et 
al., 2009), and that activation of the PL is necessary and sufficient for the stress 
blunting effects of ES (Amat et al., 2005; Christianson et al., 2009; Baratta et al., 
2018). Further, in females ES does not show a protective effect nor selective 
activation of PL to DRN neurons, yet chemogenetic activation of that pathways 
during IS does produce resilience. Both ES and IS lead to potent activation of the 
PL in males and females (Baratta et al., 2018), but only ES in males leads to 
resilience. The focus of this proposed dissertation is to gain insight into 
mechanisms driving excitability in the PL, ultimately leading to PL-DRN output 
during controllable stress, and how these mechanisms may differ between sexes. 
This work will be divided into the following three specific aims, with further 
rationale for each aim provided below.  
 
Aim 1 will focus on the role of eCBs in the PL on neuronal excitability and 
behavioral resilience. Aim 2 involves a descriptive test of the hypothesis that 
stress controllability and sex differences in PL-DRN output are driven by 
differences in activation PL afferents during stress, and will specifically test if ES 
results in greater activation PL-inputs from action-outcome associated regions, 
while IS leads to greater engagement of stress/fear inputs to the PL. Aim 3 will 
focus on network-wide patterns of activation test the hypothesis that the stress 
and action-outcome networks are differentially activated under conditions that 
lead to vulnerability or resilience to stress. 
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Aim 1 Introduction 
The foregoing has established that the increased activity of PL-DRN neurons in 
keys to resiliency, but the molecular mechanisms that allow for this change are 
unknown. In seeking to identify the mechanisms supporting prefrontal circuit 
excitability in ES, numerous lines of evidence point to the (eCB) system as a 
stress induced mediator of cortical circuit excitatory/inhibitory (E/I) tone. Below I 
will 1) summarize the role of eCBs in E/I balance, 2) identify the known roles of 
the eCB system as a regulator of the stress response, and 3) outline a 
hypothesis for the role of eCBs in IS.  
Role of Endocannabinoids in E/I Balance 
Excitatory/inhibitory balance is driven by myriad mechanisms within the cortex; 
however, one interesting regulatory mechanism within the vmPFC is through 
retrograde eCB signaling (Yoshino et al., 2011). There are two known 
cannabinoid receptors, CB1 receptor (CB1R) and CB2 receptor, with CB1R 
being the primary cannabinoid receptor within the brain. CB1R is an inhibitory, G-
protein coupled receptor (GPCR) coupled to intracellular Gi/o proteins. Activation 
of CB1Rs inhibits adenylyl cyclase activity leading to a subsequent reduction in 
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the cyclic adenosine monophosphate (cAMP) cascade, augmentation of inward 
rectifying potassium channels, and inhibition of subsequent calcium influx via 
voltage-gated calcium channels (Howlett, 2002). Neuroanatomical studies have 
confirmed prominent widespread expression of the CB1R throughout the 
forebrain, basal ganglia, and limbic system (Glass and Felder, 1997) with 
greatest expression in the neocortex, hippocampus, striatum, substantia nigra, 
and cerebellum, while moderate CB1R immunoreactivity has been detected in 
the cingulate, entorhinal and piriform cortical areas, olfactory bulbs, amygdala, 
and nucleus accumbens (Herkenham et al., 1990). Important to this review, 
CB1Rs are abundantly expressed in the vmPFC (Marsicano and Lutz, 1999; 
Moldrich and Wenger, 2000). At the cellular level, CB1Rs are located on 
presynaptic axon terminals of glutamatergic principal neurons as well as on a 
subpopulation of cholecystokinin-positive GABAergic basket cells (Katona and 
Freund, 2012). Thus, eCBs are positioned to modulate the balance of excitation 
and inhibition within a given neural circuit by action at the CB1R. 
There are two well characterized naturally occurring endogenous ligands with 
potent agonist activity at the CB1R. These are the arachidonate-derived lipophilic 
molecules N- arachidonylethanolamide (anandamide; AEA) and 2-
arachidonylglycerol (2-AG; (Devane et al., 1992; Sugiura et al., 1995). Both AEA 
and 2-AG are synthesized in postsynaptic neurons by activity-dependent 
cleavage of phospholipid head groups via activation of specific enzymes. As 
such, eCBs are synthesized on demand in postsynaptic cells following 
postsynaptic membrane depolarization. While 2-AG is synthesized primarily 
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though diacylglycerol lipase (DGL), several synthesis pathways have been 
proposed for the production of AEA; however, it remains unclear which AEA 
synthesis pathway is primarily employed in the brain (Bisogno, 2008). Once 
synthesized, they then travel in a retrograde manner to bind CB1Rs located on 
the presynaptic membrane of either the original afferent (homosynaptic) or 
nearby afferents (heterosynaptic) where cellular effects include suppression of 
axonal calcium influx, and activation of GIRKs to hyperpolarize the presynaptic 
terminal and inhibit neurotransmitter release (Di Marzo, 1999; Katona and 
Freund, 2012). Termination of AEA and 2-AG signaling begins with transport 
across the plasma membrane followed by enzymatic hydrolysis (Ahn, McKinney 
and Cravatt, 2008). This is accomplished via their respective hydrolytic enzymes; 
fatty acid amide hydrolase (FAAH) – the primary catabolic enzyme for AEA – and 
monoacylglycerol lipase (MGL) – the primary catabolic enzyme of 2-AG 
(Bisogno, 2008). 
Although 2-AG and AEA bind to the same receptor, evidence suggests they play 
dissociable roles in synaptic transmission. For instance, AEA exhibits a high 
affinity for CB1Rs, but its efficacy at inducing intracellular signal transduction is 
somewhat poor, with only partial agonist properties. AEA appears to contribute to 
the tonic level of circuit output by reducing presynaptic GABAergic release 
probability (Kim and Alger, 2010; Xia et al., 2016). In contrast, 2-AG has a lower 
affinity for CB1R but induces a robust intracellular response (Hillard, 2000). The 
short-term plasticity phenomena depolarization induced suppression of inhibition 
(DSI) and depolarization induced suppression of excitation (DSE) as well as in 
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long term plasticity such as eCB mediated long-term depression (eCB-LTD) are 
mediated by 2-AG (Heifets and Castillo, 2009; Katona and Freund, 2012; 
Shonesy et al., 2014; Guggenhuber et al., 2016). DSI occurs after a postsynaptic 
neuron is depolarized for a protracted period and is evinced by fewer somatic 
inhibitory post synaptic currents. This phenomenon would permit the 
postsynaptic cell to remain in a relatively more excitable state (due to reduced 
presynaptic inhibition) after firing a train of action potentials. DSE, on the other 
hand, occurs at dendritic excitatory synapses; after a brief train of high frequency 
synaptic stimulation fewer excitatory post synaptic potentials are evident. Both 
DSI and DSE are relatively brief phenomena, recovering on the order of 10s of 
seconds, but can shape the flow of information through a circuit and shape the 
development of longer lasting synaptic plasticity at specific synapses. Prolonged 
exposure to eCBs can result in a form of chemical LTD and has been observed 
at both excitatory and inhibitory synapses (Heifets and Castillo, 2009). 
Importantly, this eCB mediated LTD is dependent on both NMDA receptors 
(Sjöström, Turrigiano and Nelson, 2003) and protein synthesis (Yin et al., 2006). 
In the vmPFC, DSI appears to be mediated by 2-AG. Yoshino et al. 
demonstrated that DSI within the vmPFC neurons can be abolished by either 
application of an DGL inhibitor or knockout of the DGLα gene. Furthermore, they 
demonstrated that DSI in the vmPFC neurons was enhanced after raising 2-AG 
levels, but not affected by changes in AEA (Yoshino et al., 2011). Similarly, MGL, 
but not FAAH, administration has been shown to block DSE, thus demonstrating 
that 2AG rather than AEA is necessary to induce DSE (Su et al., 2013). AEA, on 
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the other hand, regulates tonic circuit inhibition by regulation of presynaptic 
GABAergic neurons and so may play a significant role in tuning 
excitatory/inhibitory balance in the vmPFC (Kay, Michele and Benjamin, 2011; 
Katona and Freund, 2012). Thus, 2-AG is thought to induce a rapid and robust 
CB1R response that is required for modulation of activity-induced synaptic 
plasticity, while AEA operates in parallel to regulate overall circuit excitability. 
Spatial segregation within distinct microcircuits and within subcellular 
compartments may also allow for AEA and 2-AG to act as independent 
regulators of neuronal excitability (Katona and Freund, 2012) and it is likely that 
the release of eCBs are determined by very specific synaptic antecedents (Kim 
and Alger, 2010). To summarize, dissociable roles for 2-AG and AEA acting on 
the same receptor may be achieved by action on separate timescales, phasic 
versus tonic respectively, or by spatial segregation at the level of the subcellular 
or microcircuit level. Although more research is needed to clarify the exact roles 
of 2-AG and AEA in the vmPFC, the extant data indicate that 2-AG is critical for 
modulating both excitatory and inhibitory presynaptic inputs in response to 
various physiological stimuli or patterns of neural activity, while AEA plays a 
homeostatic role gating overall circuit excitatory tone. Going further, it is 
conceivable that 2- AG can both boost circuit excitability via modulation of 
presynaptic interneurons (that is, by DSI or LTD of inhibitory synapses) and 
constrain certain presynaptic glutamatergic inputs (that is, by DSE or LTD of 
excitatory inputs) within the same microcircuit. 
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Endocannabinoids and Stress 
Recently there has been a significant investment in research into the eCB system 
in the context of stress (Lutz et al., 2015; Morena et al., 2016). Disruption of eCB 
synthesis or blockade of the CB1R promotes activation of the HPA axis 
suggesting a role for the cannabinoid system in regulating the stress response 
(Hill and McEwen, 2010). Regarding eCBs in the vmPFC there are several 
studies involving uncontrollable stressors. In response to acute, uncontrollable 
stressors, AEA levels have been found to decrease within the mPFC in a 
relatively rapid manner being seen as early as 5 min following swim stress 
(McLaughlin et al., 2012), but by 1 h post onset of restraint stress, these changes 
have returned to baseline levels (Hill et al., 2011). 2-AG, on the other hand, has a 
delayed response to stress with no changes found immediately after a 5 or 15 
min swim stress exposure (McLaughlin et al., 2012) but a delayed increase at 1 h 
post-stress onset that is mediated by glucocorticoids (Hill et al., 2011). This 
divergent regulation of AEA and 2-AG within the vmPFC following exposure to 
acute stress becomes amplified and prolonged following exposure to repeated 
stress or sustained glucocorticoid exposure (Hill and McEwen, 2010; Hill et al., 
2010; Gray et al., 2016). 
Second, eCB signaling in the vmPFC can also modulate neurobehavioral and 
endocrine responses to stress. For example, antagonism of CB1R locally within 
the vmPFC prolonged corticosterone secretion following cessation of stress in 
rats (Hill et al., 2011) and facilitated passive coping responses to a behavioral 
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challenge in animals who had a history of stress exposure (McLaughlin et al., 
2013). Additionally, lentivirus-mediated local over expression of FAAH in the 
vmPFC, which elicits a marked decrease in AEA signaling in this region similar to 
what is seen following exposure to stress, has been shown to be sufficient to 
elicit an anxiogenic response (Rubino, Realini, et al., 2008). Consistent with 
these data suggesting that interfering with eCB signaling in the vmPFC can 
worsen or mimic the effects of stress, augmenting eCB signaling has been found 
to reduce stress. Local elevation of AEA by inhibition of FAAH within the vmPFC 
can dampen stress-induced activation of the HPA axis (McLaughlin, Hill and 
Gorzalka, 2014)), temper behavioral responses to shifts in environmental threat 
(Aliczki et al., 2016), reduce anxiety (Rubino, Guidali, et al., 2008), attenuate fear 
expression (Lisboa et al., 2015) and promote active coping responses to stress 
(McLaughlin et al., 2012; Sartim, Guimarães and Joca, 2016). Comparable 
effects are seen following direct activation of CB1Rs exclusively in the vmPFC 
whereby CB1R agonists reduce anxiety (Rubino, Guidali, et al., 2008; Rubino, 
Realini, et al., 2008; McLaughlin, Hill and Gorzalka, 2014; Fogaça et al., 2016), 
fear expression (Lin et al., 2009) and increase active coping responses to stress 
(Bambico et al., 2007). 
Together, these data indicate that eCB signaling within the vmPFC gates 
emotional behavior, stress coping strategies and neuroendocrine function. As 
such, disruptions in eCB signaling result in prolonged and exaggerated 
responses to stress, while elevations in prefrontal eCB signaling may confer a 
state of stress resilience by tempering neurobehavioral responses to stress. 
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Given that eCB signaling in the vmPFC can particularly regulate GABAergic 
transmission (Chiu et al., 2010; Hill et al., 2011), it’s possible that deficits in eCB 
signaling here could result in feedforward inhibition of pyramidal neurons in the 
vmPFC, while elevated eCB signaling may increase the excitability of prefrontal 
projection neurons and enhance their top down control of subcortical circuits. 
This model is consistent with electrophysiological work demonstrating that 
elevating eCB signaling can restore deficient prefrontal output in a model of 
chronic pain and improve decision making processes (Kiritoshi et al., 2013). 
Similarly, human fMRI work has demonstrated that the CB1R agonist 
tetrahydrocannabinol can increase vmPFC activity during extinction memory 
recall (Rabinak et al., 2014). Collectively, these data suggest that eCB signaling 
can enhance prefrontal cortical excitability and top down control over stress 
responsivity. 
Although there are no studies of eCBs in controllable stress, there is evidence 
that eCBs may alter PFC-DRN signaling which we have shown is important for 
stress coping. For example, systemic administration of a CB1R agonist increased 
active coping during a forced swim – an effect that was prevented by transection 
of DRN projecting vmPFC fibers (Bambico et al., 2007). Furthermore, CB1R 
agonist locally administered within the vmPFC increased 5-HT single unit firing in 
the DRN, an effect that could be blocked by co-administration with CB1R 
antagonist or by transection of the vmPFC-DRN connection (Bambico et al., 
2007). As previously mentioned, intra-vmPFC administration of CB1R agonist 
increased active coping, but simultaneous administration of a 5HT1A antagonist, 
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which would increase DRN 5-HT unit activity, blocked this effect (Sartim, 
Guimarães and Joca, 2016). Finally, blocking AEA hydrolysis in the vmPFC 
increased firing of 5-HT neurons (McLaughlin et al., 2012). That CB1R agonist 
administration or AEA upregulation within the vmPFC results in excitation of the 
DRN contradicts the hypothesis that vmPFC eCBs are important to blunting DRN 
activity during controllable stress. Consideration of a few methodological 
disparities may help reconcile the view presented here and the results of 
reviewed above. First, the experiments with DRN unit recordings after vmPFC 
eCB manipulations were conducted in anesthetized rats while the observations of 
5-HT activity in the stressor controllability experiments were made using in vivo 
microdialysis in freely behaving rats. It is an empirical question as to whether the 
actions of eCB on vmPFC-DRN projection neurons would be the same in the 
awake versus anesthetized brain. Second, the pyramidal neurons projecting from 
the vmPFC synapse onto both GABAergic interneurons and 5-HT neurons within 
the DRN (Jankowski and Sesack, 2004; Geddes et al., 2016) providing a 
synaptic basis for bidirectional modulation of the DRN by the vmPFC. Finally, 
prior work with both eCBs and stressor controllability have treated the vmPFC as 
a whole rather than isolating manipulations to either the PL or IL region. This is 
admittedly difficult with conventional microinjection approaches, but it is important 
to note that it is PL-DRN projections, and not IL- DRN projections, which have 
been shown to be selectively activated during controllable stress (Baratta et al., 
2015). Thus, nonselective engagement of vmPFC CB1Rs in an anesthetized rat 
may result in a net excitation within the DRN through direct excitation of vmPFC-
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DRN projections that synapse onto 5-HT neurons while the activity-dependent 
action of eCBs that occurs in a rat experiencing control over stress may lead to 
DRN inhibition by selectively activating the PL neurons that synapse with DRN 
GABAergic interneurons. In light of these issues, the role of 2-AG signaling, 
either alone or in concert with AEA, may lead to different effects on vmPFC 
output to the DRN. Importantly, these disparities and new questions can be 
tested directly in future experiments with improved anatomical resolution. In sum, 
ample empirical data suggest that eCBs play a role in regulating the excitability of 
vmPFC to DRN projection. 
Endocannabinoids, Prefrontal Cortex and Stressor Controllability 
The preceding established that uncontrollable stressful experiences alter eCB 
signaling in the vmPFC as evidenced by stressor induced reductions in AEA and 
delayed increases in 2- AG. Here we will argue that the controllability of the 
stressor will reshape the pattern of eCB release in the vmPFC; control will 
prevent of the reduction of and even elevate AEA and accelerate the increase in 
2-AG (Figure I.1). The evidence that intra-PFC administration of eCBergic 
compounds can dramatically alter the expression of stress-related behaviors and 
even modulate the vmPFC-DRN tract have much in common with what has been 
observed during or as a consequence of controllable stress exposure. Given the 
important functions of eCBs in circuit excitability and synaptic plasticity, which 
occur in the vmPFC of rats given control over stress, we hypothesize that eCBs 
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are critical to the resilience from stress afforded by controllability because they 
permit input selection in the action-outcome system and maintain sustained 
activation of the vmPFC-DRN projections throughout ES.  
 
Figure I.1. Predicted time course of prefrontal endocannabinoid (eCB) level relative to the 
beginning of stress. 2-AG (green) rises well after the start of uncontrollable stress while AEA 
(blue) gradually decreases as stress continues. Hypothetical values following from (Hill et al., 
2011, McLaughlin et al., 2012). When the stressor is controllable (dashed lines) 2-AG increases 
rapidly as a consequence of high frequency firing in the prefrontal action-outcome system 
causing sustained depolarization and retrograde release of 2-AG. Accordingly, sustained 
neuronal activity would raise AEA levels leading to a gradual reduction in tonic inhibition in 
the prefrontal cortex.  
 
 
  29 
Consider that while ES and IS “activate” the vmPFC, they do so as a 
consequence of differential inputs. Exposure to stressful noxious stimuli activates 
numerous brain regions that project to the vmPFC including the raphe, 
hypothalamus, amygdala, and hippocampus to name a few. However, only when 
control is present, the vmPFC receives input that encodes the action-outcome 
contingency between performing the escape response and the termination of 
shock. The PL and DMS are key components of the action-outcome learning 
circuit (Balleine and O’Doherty, 2010) and we have demonstrated that 
controllable stress induces Fos in both regions to a greater extent than 
uncontrollable stress (Baratta et al., 2009; Amat et al., 2014). Preventing synaptic 
plasticity in either of these structures eliminates the protective effects of stressor 
controllability (Amat et al., 2014; Christianson et al., 2014). Further evidence that 
neural activity related to the action-outcome contingency was reported using 
optogenetics. Silencing activity in the vmPFC, specifically during the wheel-turn 
response, was shown to eliminate the long-lasting resilience after controllable 
stress; whereas silencing the vmPFC during inter-trial intervals, that is when the 
action-outcome circuit is presumed to be less important, had no effect (Baratta et 
al., 2015). Although a direct test is required, we assume that the activity that 
occurs during controllable stress in the action-outcome circuit is a critical 
antecedent to the activation of PL-DRN neurons that lead to DRN inhibition. 
How are the action-outcome inputs to the PL selected for plasticity during 
controllable stress while other “non-control” inputs (such as from DRN or 
hypothalamus) are not? We believe the eCB mediated phenomena of DSE and 
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LTD of excitatory inputs are possible mechanisms that could account for this 
selectivity. At the outset of stress, a PL output neuron would receive a torrent of 
dendritic EPSPs from myriad stress responsive circuits. If the subject has control 
over stress it will learn that its actions determine the offset of stress and the 
thalamocortical action-outcome inputs to the PL neuron would continue to excite 
the post synaptic cells projecting to the DMS leading to a) Hebbian long-term 
potentiation at only the PL synapses involved in action-outcome learning b) 
sustained depolarization leading to increased intracellular calcium and c) the 
retrograde release of 2-AG. 2-AG would then suppress the excitatory inputs that 
are not related to stressor controllability through heterosynaptic DSE which could 
eventually lead to a relatively permanent suppression of these inputs via eCB-
LTD. Strengthening the action-outcome inputs through LTP while blunting other 
inputs would result in a specialized pattern of control-related information in the 
PL microcircuit that could maintain coping behavior during ES. 
Importantly, several of the electrophysiological and molecular antecedents of 
eCB signaling have been demonstrated within the PL following an experience 
with control over stress. Control over stress alters the intrinsic excitability of PL 
pyramidal neurons, in part by increasing voltage gated Ca2+ channel (VGCC) 
currents underlying the after depolarization (Varela et al., 2012). Given that many 
forms of eCB signaling are Ca2+dependent, augmenting the conductance of 
VGCCs would increase intracellular Ca2+ concentrations within these pyramidal 
neurons would cause them to be more likely to release eCB which could in turn 
promote DSI, DSE, or eCB-LTD locally within the PL. Second, both eCB-LTD in 
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the cortex (Sjöström, Turrigiano and Nelson, 2003) and the protective effects of 
controllable stress (Christianson et al., 2014) are NMDA receptor dependent. 
Accordingly, both eCB induced plasticity (Yin et al., 2006; Yuan and Burrell, 
2013) and the effects of controllable stress (Amat et al., 2006) depend on protein 
synthesis. While it is yet to be shown that controllable stress results in eCB 
release and subsequent eCB-mediated changes in plasticity, the extant data 
suggest that eCB-mediated plasticity is likely to occur in the PL during 
controllable stress. 
The weight of evidence from stressor controllability research indicates that the 
experience of control over stress results in sustained activation of PL output 
neurons which regulate the DRN. This would be difficult to achieve under low 
AEA levels that have been reported during uncontrollable stress. Building on the 
above hypothesis regarding circuit selection, here we propose that in addition to 
raising 2-AG levels, the sustained activity of the PL-DMS action-outcome circuit 
over the course of ES would lead to greater AEA in this circuit. The increase in 
AEA could augment the tonic level of circuit activity by modulating presynaptic 
inhibitory neurons. We expect that an acute effect of this release is to disinhibit 
the PL as a consequence of DSI in cholecystokinin expressing GABAergic 
interneurons which selectively express CB1R. Over time, rising levels of AEA will 
lead to further disinhibition, possibly through eCB mediated LTD of inhibition 
(Azad, 2004). This would sensitize PL-DRN output neurons and support a high 
level of firing in these cells over the duration of a stress exposure. 
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To summarize the model, we posit that eCBs play an acute function in 
dampening non- control related inputs to the PFC while simultaneously elevating 
the level of circuit output. Continued inputs relating to action-outcome 
contingencies will result in sustained drive of a select population of PL neurons 
which could play a key role in maintaining high activity in the stress-suppressing 
PL-DRN output neurons. The long-lasting effects of eCBs could be to allow 
plasticity or consolidation in the action-outcome circuit leaving the subject 
prepared to respond with coping strategies to subsequent stressors. On the flip 
side, if the subject does not have control, the high levels of eCBs will 
depotentiate many inputs to the PFC and enhance circuit inhibition, rendering it 
less excitable and less responsive during subsequent stressors as suggested 
previously (McLaughlin, Hill and Gorzalka, 2014). 
Aim 2 Introduction 
Activation of the PL-DRN pathway is a critical determinant for stressor 
controllability to confer resilience, but important questions remain unanswered. 
Why does the PL-DRN pathway get engaged during ES but not IS, and why is 
the PL-DRN pathway active during ES in males but not during ES in females? In 
both of these cases the differences in PL-DRN output may be driven by 
differential engagement of PL inputs. These differences in inputs likely reflect a 
few possibilities. First, PL-inputs from an action-outcome associated region may 
drive PL-DRN excitability in the male ES condition, but not in the other three 
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conditions. Second, in stress conditions that do not confer resilience, PL-
afferents of a stress associated region may dampen PL-DRN excitation. Third, 
engagement of stress inputs during IS shift vmPFC control of fear and anxiety.  
 
If control responding through action-outcome learning is the critical determinate 
of PL-DRN output, then this may reflect increased activation of PL inputs from 
action-outcome associated regions during ES in males. As IS doesn’t require 
action-outcome learning, these inputs would likely not be activated. Furthermore, 
sex differences in action-outcome learning and/or circuitry may explain why ES 
does not confer resilience in females. The necessary inputs to the PL for action-
outcome learning to occur aren’t well understood, but anatomical tracing shows 
that the PL has afferents from action-outcome associated cortical, thalamic, and 
reward inputs from such regions as the MD, OFC, and VTA (Hoover and Vertes, 
2007).  
 
Alternatively, differential PL-DRN output in the SCP may be driven by activation 
of stress related PL-afferents that either dampen PL-DRN excitability, or drive 
separate PL outputs of fear and anxiety. Both ES and IS result in similar levels of 
increased total PL Fos, suggesting that under both conditions the PL receives 
substantial stress related inputs. If detection of control over stress occurs outside 
the PL, stress inputs to the PL may in turn be dampened. As a limbic structure 
the PL receives a variety of inputs from stress related regions such as the BLA 
and DRN (Hoover and Vertes, 2007) and in some cases, the effects of these 
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inputs on the PL have been investigated. For example, optogenetic excitation of 
BLA-PL inputs is anxiogenic, while optogenetic silencing of the same pathway is 
anxiolytic (Felix-Ortiz et al., 2016).  
 
The PL is a highly interconnected hub with a role in a variety of behavioral 
phenomenon including stress, fear expression, and action-outcome learning. The 
PL therefore may represent an important integrator of this information, and 
understanding which PL-afferents are activation under these conditions may 
identify key regions involved in controllability detection. While many studies have 
focused on the outputs of the PL in emotion regulation and executive function, 
few have investigated the inputs the PL during such tasks. The SCP will enable 
the investigation of PL-inputs activated during stress, how those inputs are 
modulated during action-outcome learning, and sex differences. 
 
Aim 3 Introduction 
Graph Theory in Neuroscience 
Specific behaviors are believed to be produced through the coordinated activity 
of distributed brain networks (Sporns, 2012). Graph theory is a means of 
representing and analyzing such complex networks by defining a set of nodes 
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and then defining edges between pairs of nodes. In brain networks, nodes are 
often anatomically defined brain regions of interest, and edges represent 
structural or functional links between regions. Structural networks can be derived 
from anatomical tract tracing and represent direct physical links between brain 
regions. Functional networks can be made from functional associations – such as 
correlated measures of neuronal activity (e.g. Fos) between regions. Because 
correlations may occur between pairs of anatomically unconnected regions, 
indirect connections can lead to discrepancies between the two networks. 
Structural connections are, however, highly indicative of functional connections, 
and structural and functional brain networks often share common features such 
as modules and hubs, demonstrating a conservation of topological features 
(Bullmore and Sporns, 2009). 
  
Networks can then be analyzed and compared using a variety of network 
parameters that estimate node importance, segregation into modules, integration 
between modules, resilience to perturbations, and network efficiency. The 
significance of such measures can be determined by comparison with equivalent 
parameters of a population of random networks which share the same size, 
density, and binary degree distribution as the original network. Permutation 
testing can also be used for statistical comparisons of network measures. 
Furthermore, many of these measures have a neurobiological interpretation. 
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Constructing and analyzing graph representations of brain networks is a useful 
approach because many network measures have neurobiological interpretations. 
One of the simplest network measures is node degree – determined by the 
number of edges a given node has. Nodes with high degree are interpreted as 
interacting with many other nodes and may represent regions of information 
integration. The degrees of all nodes in a given network make up the degree 
distribution. In random networks degree distribution is Gaussian, but most 
complex networks, including brain networks, have degree distributions which are 
non-Gaussian and heavy-tailed toward high degrees. Measures such as path 
length and connection density can estimate network efficiency. More complex 
analyses segregate networks into tightly interconnected communities, which may 
represent clusters of motifs that process specific information. Identifying of 
provincial hubs – high degree nodes without intermotif connections – may 
represent brain regions important to motif specific tasks, while identification of 
connector hubs – high degree nodes that connect motifs may represent locations 
of information integration. Furthermore, multiple methods exist to identify a 
network’s resilience to perturbation and can reliably predict in vivo lesions will 
affect behavior. 
 
Recent work from the lab of Paul Frankland exemplifies the strength behind 
taking a graph theoretical approach to understand broad network activity to both 
test hypotheses and drive new hypotheses. Using shock-conditioned contextual 
fear memory paradigm, fos was quantified in 84 ROIs from mice given a fear 
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recall test a short delay (1 day) and long delay (36 days) post conditioning. They 
constructed networks using interregional correlations as an estimate of functional 
connectivity between regions to find different patterns of network activity as a 
function of memory age. For example, the mPFC showed higher functional 
connectivity to the neocortex, thalamus, and hippocampus in the long-term fear 
memory condition compared to the short-term fear memory. Importantly this 
approach was able to test a priori predictions of systems consolidation models. 
Specifically, hippocampal involvement would be expected to be high in initial 
memory formation, but would also be expected to diminish as a function of 
memory age. Wheeler et al (2013) demonstrated that despite reduction in overall 
activity in the hippocampus in long term fear recall, functional connectivity 
between the hippocampus and neocortex increases, thus challenging the idea of 
hippocampal disengagement. Taking things further, this same group was able to 
use this fear memory network to generate testable hypotheses. They first were 
able to model the effects of deletion of a single node on network efficiency. Then 
by individually silencing low, medium, and high degree nodes during fear training, 
they were able to demonstrate that their computation model predicted the effect 
of in vivo deletion (Vetere et al., 2017).  
 
A graph theoretical approach is particularly suited to investigate sex differences 
in stressor controllability given the specific lack of knowledge in females. While 
males and females are known to respond differently following controllable stress 
(Wood and Shors, 1998; Baratta et al., 2009), the large body of work that exists 
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elucidating the neurobiology of IS and ES has been conducted in males only, and 
it is seemingly unlikely that over 50 years of work will be entirely replicated in 
females. So, while it is currently known that the PL-DRN pathway is not engaged 
in females during ES as it is in males, it isn’t known whether this results from 
females not learning to wheel turn through the same circuitry as male (e.g. 
action-outcome) or if similar engagement of the same circuitry in females doesn’t 
result in PL-DRN activation. Furthermore, its unknown if the sequelae resulting 
from IS result from the same DRN containing circuitry. Answering these 
important questions through standard approaches, such as pharmacology or 
lesions, to determine necessity and sufficiency of individual brain regions and 
neurotransmitters is necessary, however an unguided approach would be likely 
be prohibitively costly and tantamount to guesswork. Instead, by considering the 
network activity between males and females following IS and ES, it can be 
determined if engagement of the stress network and controllability network differs 
between the sexes in each condition. The power of such an approach then lies in 
the enablement of a guided follow up to close the gap between what is known in 
males compared to females.  
  
A graph theory approach to understanding complex brain networks provides a 
powerful framework for integrating large scale brain wide datasets and driving 
hypothesis, but this approach it isn’t without limitations.  First, brain networks 
consist of a large number of regions which in turn result in a large number of 
pairs for correlation, which can result in many spurious correlations. Therefore, 
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networks are sensitive to the threshold applied to pairwise associations between 
nodes. A common approach to ameliorate this limitation is to apply a range of 
thresholds to identify the most robust aspects of the network. A particular 
limitation of developing the pairwise association through correlations of Fos 
results in edges between node without directionality. Despite these limitations, 
applying graph theory to brain-wide Fos data represents an important exploratory 
tool and can drive the development of testable hypothesis. Graph network 
analysis were applied here as a strategy to expand understanding of the brain 
circuits engaged by controllable and uncontrollable stressors. Specifically, I 
sought to use network analysis to describe the correlated activity in 
action/outcome and stress responsive stress circuits and to look broadly at sex 
differences during escapable stress that might explain why male and female rats 
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Chapter 1: Monoacylglycerol Lipase Alpha Inhibition Alters Prefrontal 
Cortex Excitability and Blunts Consequences of Traumatic Stress in Rat 
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Abstract 
Neural activity within the ventromedial prefrontal cortex (vmPFC) is a critical 
determinant of stressor-induced anxiety. Pharmacological activation of the 
vmPFC during stress protects against stress-induced social anxiety suggesting 
that altering the excitatory/inhibitory (E/I) tone in the vmPFC may promote stress 
resilience. E/I balance is maintained, in part, by endogenous cannabinoid (eCB) 
signaling with the calcium dependent retrograde release of 2-
arachidonoylglycerol (2AG) suppressing presynaptic GABA release. We 
hypothesized that raising 2AG levels, via inhibition of its degradation enzyme 
monoacylglycerol lipase (MAGL) with KML29, would shift vmPFC E/I balance 
and promote resilience. In acute slice experiments, bath application of KML29 
(100nM) augmented evoked excitatory neurotransmission as evinced by a left-
shift in fEPSP I/O curve, and decreased sIPSC amplitude. In whole-cell 
recordings, KML29 increased resting membrane potential but reduced the after 
depolarization, bursting rate, membrane time constant and slow after 
hyperpolarization. Systemic administration of KML29 (40mg/kg, i.p.) 2h prior to 
inescapable stress (IS) exposure (25, 5s tail shocks) exacerbated stress induced 
anxiety as measured by juvenile social exploration 24h after stressor exposure. 
Conversely, intra-vmPFC (200ng/0.5μL/hemisphere) administration blocked the 
reduction in juvenile social exploration typically observed after IS. MAGL 
inhibition in the vmPFC may promote resilience by augmenting the output of 
neurons that project to the proximal neural mediators of the stress response.  
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Introduction 
Exposure to adverse events is an important factor in the development of 
numerous psychiatric disorders, yet not all individuals who experience such 
events develop psychopathology (Tolin and Foa, 2006). It is therefore critical to 
understand factors that predispose individuals towards resistance versus 
vulnerability to the negative impact of stressors. A wealth of data from a range of 
species implicates the ventromedial prefrontal cortex (vmPFC) in executive 
function, regulation of stress and emotion, and selecting appropriate behavioral 
strategies (Uylings and van Eden, 1990; Dalley et al., 2004; Ochsner, Silvers and 
Buhle, 2012). In contrast, exposure to traumatic stress upsets vmPFC function 
and can cause pathologies in these processes (Myers-Schulz and Koenigs, 
2012). The prevailing view of vmPFC function in the context of stress resilience is 
that in healthy individuals, vmPFC outputs reduce the experience of stress and 
anxiety by regulating the proximate mediators of specific processes in the 
brainstem, amygdala and hypothalamus (Christianson and Greenwood, 2014; 
Andrewes and Jenkins, 2019). 
 
Several lines of preclinical rodent research demonstrate selective engagement of 
the PL during stress and social defeat under conditions that produce stress 
resilience. In rats, uncontrollable stress in the form of inescapable tail shocks 
results in failure to learn to escape in a shuttlebox, social anxiety, enhanced fear 
conditioning, reduced aggression and social dominance, and passive coping 
(Maier and Watkins, 2005). However, prophylactic treatment with ketamine or 
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behavioral control over stress blocks these negative sequelae of stress and 
increases activity within vmPFC neurons that regulate the dorsal raphe nucleus 
(Amat et al., 2016). Furthermore, this vmPFC activity is both necessary and 
sufficient for the stress protective effects of these manipulations during 
uncontrollable stress (Amat et al., 2005, 2016). Behavioral control over stress 
also increases the intrinsic excitability of putative PL projection neurons (Varela 
et al., 2012) and leads to increased translation of synaptic plasticity products 
(Christianson et al., 2014). Following social defeat stress, Syrian hamsters and 
mice both increase submissive and defensive behaviors, but dominant hamsters 
and mice housed in an enrichment environment or treated with prophylactic 
ketamine showed reduced behavioral consequences of social defeat, and 
increased neural activation in the PL and IL (Lehmann and Herkenham, 2011; 
Brachman et al., 2016; Dulka et al., 2018). Lesioning of the IL blocked the 
reduction in behavioral consequences following social defeat conferred by 
environmental enrichment and pharmacological inactivation of the vmPFC 
blocked the social defeat buffering effects of dominance(Lehmann and 
Herkenham, 2011; Morrison et al., 2013; Dulka et al., 2018). All of this evidence 
suggests that vmPFC activity during or before stressor exposure favors 
resilience. 
  
With the goal of identifying novel strategies to augment vmPFC activity as an 
avenue for treatment of stressor induced psychosis, in this project we 
investigated the role of vmPFC endocannabinoids (eCBs). As we will review, 
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eCBs may tie together the previously observed increase in pyramidal neuron 
excitability (Varela et al., 2012) with changes in vmPFC output because eCBs 
are key regulators of cortical excitatory and inhibitory tone. Specifically, the eCB 
2-arachidonoylglycerol (2AG), is released as a retrograde neurotransmitter when 
postsynaptic cells reach high intracellular Ca2+concentrations (i.e. during bouts of 
high frequency firing). 2AG inhibits presynaptic gabaergic interneurons by acting 
at the Gi-coupled CB1 receptor (CB1R) (Freund, Katona and Piomelli, 2003; Chiu 
et al., 2010) resulting in a phenomenon of depolarization-induced suppression of 
inhibition (DSI) (Fruend, 2003). CB1R mediated DSI and the subsequent 
increase in pyramidal neuron excitably can occur within the vmPFC (Chiu et al., 
2010), providing evidence to suggest that raising 2AG levels might be sufficient 
increase the excitability of vmPFC neurons and circuits. 
 
An ideal target for therapeutic intervention aimed at promoting stress resilience 
may be the enzymatic regulation of 2-AG. While deficits in 2-AG produce anxiety-
like phenotypes pharmacological elevation of 2-AG can alleviate these 
phenotypes (Shonesy et al., 2014; Guggenhuber et al., 2016). Given that 
termination of 2-AG signaling is achieved through 2-AG degradation via 
monoacylglycerol lipase (MAGL) (Ahn, McKinney and Cravatt, 2008), well 
characterized drugs that selectively inhibit MAGL, such as JZL184 and KML29, 
are effective tools for investigating the effects of increased 2-AG (Long, Nomura 
and Cravatt, 2010; Chang et al., 2012). Systemic inhibition of MAGL produces an 
anxiolytic-like phenotype in an elevated plus maze (Busquets-Garcia et al., 2011; 
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Sciolino, Zhou and Hohmann, 2011) and promotes resilience to foot shock 
(Bedse et al., 2018). Augmentation of CB1R singnaling in the vmPFC promotes 
active coping strategies to swim stress stress (Bambico et al., 2007; McLaughlin 
et al., 2012) and chronic stress (McLaughlin et al., 2013), and promotes 
termination of the stress response (Hill et al., 2011). As activation of CB1 
receptors in the vmPFC suppresses GABA release (Hill et al., 2011), these 
effects may result from increased output from vmPFC projections. Here, we 
hypothesized that raising 2AG levels, via inhibition of MAGL with KML29, would 
reduce GABA transmission and shift vmPFC E/I balance, increase excitability of 
vmPFC pyramidal neurons, and promote resilience to inescapable tail shock 
stress (IS). To test this hypothesis, we use a pharmacological, 
electrophysiological, and behavioral approach to demonstrate that MAGL 
inhibition alters vmPFC E/I balance through decreased inhibition, alters intrinsic 
properties of pyramidal neurons, and promotes stress resilience. 
Methods and Materials 
Subjects 
Male Fischer-344 rats weighing 225-250g upon arrival served as experimental 
subjects and male Fischer-344 rats aged approximately 21 days upon arrival 
served as conspecifics for social interaction were purchased from Envigo 
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(Frederick, MD, USA). Rats were housed in pairs, maintained on a 12-h light/dark 
cycle within the Boston College Animal Care Facility, and allowed 1 week to 
habituate to their home cages before the start of surgery, behavior or use for 
electrophysiology. All experimental protocols were reviewed and approved by the 
Boston College Institutional Animal Care and Use Committee (IACUC). 
Electrophysiology Solutions and Drugs 
All chemicals were purchased from Fisher Scientific, Sigma-Aldrich or Tocris and 
standard artificial cerebrospinal fluid (aCSF) and recording solutions were used 
as previously (Rogers-Carter et al., 2012; Varela et al., 2012). aCSF recording 
composition was (in mM) NaCl 125, KCl 2.5, NaHCO3 25, NaH2PO4 1.25, MgCl2 
1, CaCl2 2 and glucose 10; pH = 7.40; 310 mOsm; aCSF cutting solution was: 
sucrose 75, NaCl 87, KCl 2.5, NaHCO3 25, NaH2PO4 1.25, MgCl2 7, CaCl2 0.5, 
glucose 25 and kynurenic acid 1; pH = 7.40, 312 mOsm. The internal recording 
solution consisted of (in mM) potassium gluconate 115, KCl 20, HEPES 10, Mg-
ATP 2, Na-GTP 0.3 and sodium phosphocreatine 10; pH = 7.30; 278 mOsm with 
0.1% biocytin. Kynurenic acid (1 mM) and SR-95531 (2 µM) were added to the 




Adult male rats were anesthetized with isoflurane, intracardially perfused with 
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chilled (4 °C), oxygenated aCSF cutting solution and quickly decapitated. Coronal 
slices (300-µm) containing the vmPFC were made on a vibratome (VT-1000S, 
Leica Microsystems, Nussloch, Germany). The slices were placed in oxygenated 
aCSF cutting solution (95% O2 and 5% CO2) at 37 °C for 30 min and then at 
room temperature (approximately 23°C) for a minimum of 30 min before slices 
were used for electrophysiological recordings. 
 
Extracellular Multiple Electrode Array Recordings 
 
Evoked field excitatory postsynaptic potentials (fEPSPs) were recorded on a 
6 × 10 perforated multiple electrode array (model: MCSMEA-S4-GR, Multichannel 
Systems) with integrated acquisition hardware (model: MCSUSB60) and 
analyzed with MC_Rack software (Version 3.9). Slices were placed on the array 
and adhered by suction of the perfusion through the perforated substrate. Bath 
solutions were as above and perfused through the slice from above. A 
stimulating electrode was selected in the deep layers of prelimbic cortex, and 
fEPSPs were recorded after stimulation (0 to 5 V, biphasic 220 µs, 500-mV 
increments) before and during application of 100 nM KML29. Each step in the I/O 
curve was repeated 3 times (20s interstimulus interval) and each family of steps 
was replicated 3 times in each phase of the experiment. fEPSPs from channels 
displaying clear synaptic responses (as in Fig. 1B) and in the vicinity of the 
stimulating electrode were normalized to the individual channel’s maximum 
response to 5-V stimulation at baseline; channels from the same slice were 
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averaged for group analysis. These experiments were replicated to test the 
dependence of KML29 effects on CB1 receptors, by co-application of the CB1 
receptor inverse agonist AM251 (2𝞵M) and the dependence on GABAA 
receptors, by adding the GABAA receptor antagonist SR-95531 (20𝞵M) in the 
bath solution. All dependent measures were normalized to predrug baselines for 
analysis. Analyses were performed using custom software written for Python and 
Igor Pro (Wavemetrics Inc., Lake Oswego, OR). 
Whole Cell Recordings 
Whole-cell current-clamp recordings were obtained at 30 ± 2 °C. Patch-clamp 
electrodes were pulled (P-1000, Sutter Instruments, CA) from 1.5-mm outer 
diameter borosilicate glass (Sutter Instruments, CA) and filled with intracellular 
solution. Electrode resistance was 3–5 MΩ in the bath, and recordings were only 
included if the series resistance remained less than 30 MΩ with less than 10% 
change from baseline throughout the experiment. Slices were visualized using a 
40× (0.75 NA) water-immersion objective under infrared differential interference 
contrast imaging on an upright microscope (AxioExaminer D1, Zeiss, Germany). 
All recordings were obtained with an Axon 700B amplifier and pClamp 10 
(Molecular Devices), using appropriate bridge balance and electrode-capacitance 
compensation. After achieving a whole-cell configuration, baseline recordings 
were made in aCSF until 10 min of stable baseline were observed, at which point 
KLM29 (dose) was added to the bath. Analyses were performed using custom 
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software written for Igor Pro (Wavemetrics Inc., Lake Oswego, OR; code freely 
available by request). 
 
As described previously (Rogers-Carter et al., 2012; Varela et al., 2012), action 
potential properties were quantified by holding the neuron at –67 mV while a 
single 2.5ms current pulse was injected to elicit an AP. Passive properties were 
measured by holding the membrane potential at –67 mV and injecting 1s current 
pulses through the patch electrode in whole cell current-clamp configuration. The 
amplitudes of the current injections were between –300 pA and +400 pA in 50-pA 
steps. All traces in which no APs were elicited were used; depolarizing traces 
where APs were elicited were used to generate input–output curves (total 
number of APs per second plotted against the current injected). Spontaneous 
excitatory postsynaptic currents (sEPSCs) were record in whole-cell voltage-
clamp configuration with the same internal solution but adding 2 uM SR95531 to 
the aCSF to block inhibitory synaptic currents; spontaneous inhibitory 
postsynaptic currents (sIPSCs) were recorded using a 70 mM K-Gluconate + 70 
mM KCl internal solution and held in voltage-clamp at -90 mV and 5uM NBQX 
were added to the aCSF to block excitatory synaptic events. Cells were allowed 
to stabilize for 10 minutes and recordings were made for 10 min, 100nM KML29 
was bath-applied for 10 min before data was collected. sEPSCs and sIPSCs 
were analyzed with the mini analysis program (Synaptosoft). After recording, the 
slice was fixed in 4% paraformaldehyde and biocytin was visualized using the 
ABC method and NovaRed (Vector labs, Burlingame, CA). Only neurons with a 
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pyramidal morphology and soma in deep layers of Prelimbic vmPFC cortex were 
included for analysis. 
Surgical Implantation of Microinjection Cannula 
Rats were anesthetized using isoflurane (3% in O2) and mounted in a stereotaxic 
apparatus. An incision was made in the center of the scalp to expose bregma 
and lambda. Bilateral stainless steel guide cannula (22 g; Plastics One, Roanoke, 
VA, USA) were implanted within the vmPFC (coordinates: 3.0mm anterior to 
bregma, 3.4mm ventral to bregma) according to the atlas of Paxinos and Watson 
(Paxinos and Watson, 2013) to target the PL/IL area. Cannulas were fixed to the 
skull using stainless steel screws and acrylic cement. A stylet extending 1 mm 
ventral to the tip of the cannula was guided into each side and tightened to the 
top of the fixture to ensure patency. After surgery, each rat received 1 dose each 
of loxicom (1mg/kg), penicillin G procaine (15,000 Units), and 5 mL of lactated 
Ringers’ solution (Henry Schein, Albany, NY, USA) to aide in recovery. The next 
day, rats were administered a second dose of loxicom in accordance with the 
policy of the Boston College IACUC. All animals were allowed one week of post-
operative recovery before the start of behavioral testing. During the recovery 
period, each rat was periodically handled and stylets checked to acclimate the 
animals to this type of contact, and also to confirm that cannulas remained clear. 
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Stress Procedure 
Rats were placed in wheel turn chambers (Model ENV-586B, Med Associates, 
St. Albans, VT), and rats tails were tapped to the tail restraint rods and affixed 
with copper electrodes. Twenty-five, 5s tail shocks (1mA) with a random ITI 
ranging from 30-90s and an average ITI of 60s (Precision Animal Shocker Model 
H13-15, Coulbourn Instruments). Non-shocked home-cage control rats remained 
undisturbed in the colony. After stress treatment, rats were returned to their 
home cages. 
Juvenile Social Exploration 
Social exploration was conducted prior to stress and 24 h after the stress 
procedure as previously described (Christianson et al., 2010). Briefly, test rats 
were placed into the test cage, and, after 1h of acclimation, a 28 ± 2-d-old 
juvenile was introduced to the cage for 3 min. An observer, blind to treatment, 
timed exploratory behaviors (sniffing, pinning, and allogrooming) initiated by the 
adult. Juveniles were used for multiple tests but were never used twice for the 
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Data Analysis 
Prior to analysis all data were inspected for normality and homogeneity of 
variance and were deemed suitable for analysis with parametric statistics. I/O 
Curves were analyzed via repeated measures ANOVA. Cumulative distributions 
of synaptic measures in whole cell recording experiments were compared by 
Kolmogorov-Smirnov tests. Following significant differences in K-S tests, means 
of 50 random events per cell were analyzed with dependent samples t-tests. 
Intrinsic measures in whole cell recording experiments were analyzed with one-
tailed dependent samples t-tests. Social exploration scores were calculated for 
each rat as percentage of baseline social exploration the rats displayed during 
the second JSE test. Social exploration in the systemic administration experiment 
was analyzed via one-way ANOVA followed by Fisher’s LSD post hoc tests. One 
sample t-tests were used to determine if percent of baseline social exploration 
was significantly different from 100 (i.e. no change in social exploration). Social 
exploration in the intra-vmPFC administration experiment was analyzed via two-
way ANOVA (stress-by-treatment) followed by Fisher’s LSD post hoc tests. All 
analyses were made using GraphPad Prism 8.0 with experiment-wise error set to 
α = 0.05. 
Results 
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KML29 leads to GABAA receptor- and CB1 receptor-dependent increase in PL 
excitability 
Given the known role of eCBs in the regulation of E/I balance, we first examined 
the effects of MAGL inhibition in the prelimbic vmPFC (Figure 1.1). The 
relationships between fEPSP amplitude and stimulation strength (IO curves) was 
significantly altered by bath application 100 nM KML29 (F(1,8)=6.601, p<0.05, 
Figure 1.1C), but not in the presence of the GABAA receptor antagonist gabazine 
(F(1,8)=0.0117, p=0.917). IO Curves were not altered by application of the CB1 
receptor inverse agonist AM251 (F(1,6)=3.323 ,p=0.118), nor by co-application of 
100 nM KML29 with 2nM AM251 (F(1,7)=0.0468, p=0.835, Figure 1.1F).  
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Figure 1.1. Effects of KML29 on input output (I/O) curves of field potentials recorded from the 
prelimbic prefrontal cortex. (A) Top view of acute extracellular recordings of the prelimbic cortex 
using a 60 channel microelectrode array. (B) Representative fESPS evoked by biphasic 
stimulation during baseline (blue) or during application of 100nM KML29. (C) Bath application of 
 
  55 
KML29 increased the amplitude of evoked field excitatory postsynaptic potentials (fEPSP) at 
stimulations intensities of 3V and above. (D) The effects of KML29 were also blocked in the 
presence of the GABAA receptor antagonist, SR-95531. (E) Bath application of CB1 receptor 
inverse agonist, AM251, did not alter I/O curves. (F) Co-application of KML29 and AM251 
blocked the effects of KML29.   
KML29 modulates spontaneous excitatory and inhibitory synaptic currents 
Because KML29 increased fEPSP amplitude, we hypothesized that KML29 
would alter E/I balance through decreased inhibitory tone on vmPFC neurons. 
Therefore, we investigated the effects of KML29 on spontaneous excitatory and 
inhibitory currents in deep layer PL neurons (Figure 1.2). KML29 resulted in a 
leftward shift in the cumulative distribution of sIPSC amplitude (Kolmogorov-
Smirnov (K-S) test, p<0.001) and rightward shift in sIPSC interevent interval (K-S 
test, p<0.001). KML29 also reduced the mean sIPSC amplitude (t(9)=2.284, 
p<0.05), and showed reduced mean sIPSC interevent interval  (t(9)=2.147, 
p<0.05). KML29 resulted in a leftward shift in the cumulative distribution of 
sEPSC (K-S test, p<0.001) amplitude and a rightward shift in sEPSC interevent 
interval (K-S test, p<0.0001). Mean sEPSC amplitude (t(9)=2.517, p<0.05) was 
reduced while mean interevent interval (t(9)=2.367, p<0.05) was increase by 
KML29. Thus, KLM29 reduced the frequency and size of both inhibitory and 
excitatory inputs onto PL pyramidal neurons. 
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Figure 1.2. Effect KML29 on spontaneous synaptic events. (A) Bath application of KML29 
resulted in leftward shift in the cumulative distribution of sEPSC amplitude corresponding with 
reduced mean sEPSC amplitude (p<0.05) and (C) a rightward shift in sEPCS amplitude 
corresponding with an increased mean interevent interval of sEPSCs (p<0.05) compared to 
baseline. (B) The cumulative distribution of sIPSC amplitude was shifted leftward following 
application of KML29, which corresponding with decreased decreased mean sIPSC amplitude 
(p<0.05). (D) KML29 application right-shifted the cumulative distribution of sIPSC interevent 
interval, and increased mean sIPSC interevent interval (p>0.05). 
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KML29 alters PL intrinsic excitability 
An increase in fEPSP amplitude could also be attributed to plasticity of vmPFC 
intrinsic excitability. Active and passive intrinsic properties were characterized 
after bath application of KML29 (100 nM) in whole-cell pyramidal neuron 
recordings (Figure 1.3 and Table 1.1). KML29 caused depolarization of the 
resting membrane potential (t(14)=2.525, p<0.05), decrease in membrane time 
constant (t(14)=3.055, p<0.01), decrease in instantaneous frequency (t(14)=3.590, 
p<0.01), decreased afterdepolarization (ADP) (t(14)=2.250, p<0.04), and decrease 
slow after hyperpolarization (sAHP) (t(14)=2.908, p<0.05). 
 
Table 1.1: Electrophysiological properties of PL neurons 
 
Control KML29 T-test 
Passive Properties       
Tau 23.07±0.87 21.47±1.00 t(14)=3.055, p<0.05 
IR 147.33±10.89 155.67±14.44 t(14)=1.341, p=0.201 
Rect 0.72±0.02 0.75±0.03 t(14)=1.405, p=0.182 
Sag 0.92±0.16 0.83±0.12 t(14)=0.788, p=0.444 
sAHP -750.33±68.86 -606.67±78.58 t(14)=2.908, p<0.05  
Action Potential       
Vm -67.05±1.74 -63.89±2.26 t(14)=2.525, p < 0.05 
ADP 12.95±1.47 11.89±1.45 t(14)=2.250, p<0.05 
Rheo 1487.33±109.60 1434.00±113.57 t(14)=1.134, p=0.276 
Thresh -36.69±2.25 -37.57±2.03 t(14)=0.702, p=0.495 
Spike amplitude 65.95±4.15 65.24±3.96 t(14)=0.390, p=0.702 
Spike width 1.64±0.10 1.70±0.11 t(14)=0.158, p=0.158 
Max rise rate 143.93±14.78 138.13±14.92 t(14)=0.901, p=0.383 
Min decay rate -70.20±4.36 -70.33±5.66  t(14)=0.056, p=0.957 
 





Figure 1.3. Effects of KML29 on deep layer prelimbic pyramidal neurons. (A) Representative 
action potentials during baseline (blue) or during application of 100nM KML29 (B) Compared to 
baseline, KML29 increased resting membrane potential (p<0.05), (C) decreased after-
deploraization (ADP, p<0.05), (D) decreased membrane time constant (Tau, p,0.01), (E) slow 
after-hyperpolarization (sAHP, p<0.05), (F) increases instantaneous frequency (p<0.01). (G) 
KML29 did not alter the relationship between the number of spikes and the stimulation strength. 
KML29 administered to the vmPFC mitigates stress induced anxiety 
To investigate whether KML29 might confer stress resilience in separate 
experiments we made intra-vmPFC or systemic injections prior to IS (Figure 1.4). 
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Intra-vmPFC administration of KML29 prior to stress resulted in a significant 
stress-by-treatment interaction (F(1,47)=6.883, p<0.05). Rats that received saline 
injections prior to stress showed reduced social exploration compared to saline 
injected, stress-naive rats (p<0.01). Rats that received KML29 prior to stress 
showed higher percent of baseline social exploration compared with saline 
injected stressed rats (p<0.05), but not compared to saline injected (p=0.8251) or 
KML29 injected (p=0.2605) stress-naive rats. KML29 administration without 
stress did not alter social exploration compared vehicle treated rats (p=0.288). In 
contrast, systemic administration of KML29 exacerbated the stress effect on 
social interaction with a significant effect of treatment (F(2,27)=4.740, p<0.05) such 
that rats that received the 40mg/Kg dose had significantly lower social 
exploration than rats that received 0mg/Kg (p<0.05) and 4mg/Kg (p<0.05) doses. 
Social exploration was not different between rats that received 0mg/Kg and rats 
that received 4mg/Kg (p<0.9742). In sum, intra vmPFC KLM29 prevented stress 
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Figure 1.4. Intra-PL KML29 administration ameliorates, while systemic administration 
exacerbates stress-induced social anxiety. (A) Diagram of behavioral procedure. (B) KML29 
administered i.p. prior to stress did not alter stress induced deficits in social exploration at 4mg/Kg 
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but exacerbated the stress induced deficit in social behavior at 40mg/Kg compared to animals 
that received vehicle prior to stress.  did not alter KML29 administered into the vmPFC during 
stress alters the behavioral consequences of the stressor. Among rats receiving saline injections, 
stress exposure (25 inescapable tail shocks) decreased social exploration compared with stress 
naïve rats (p<0.05). 
Discussion 
We investigated whether inhibition of MAGL would raise prefrontal excitability 
and promote resilience to stress. The MAGL inhibitor KML29 increased fEPSP 
amplitude in acute brain slices. Both CB1 receptor inverse agonist and GABAA 
receptor antagonist prevented this effect. KML29 decreased sIPSC amplitude 
and altered the distribution of sIPSC inter-event interval. KML29 also decreased 
sEPSC amplitude and increased sEPSC inter-event interval. KML29 altered a 
number of pyramidal cell intrinsic properties including depolarization of resting 
membrane potential, reduced membrane time constant and instantaneous 
frequency while increasing sAHP. Finally, administration of KML29 to the vmPFC 
prior to stress prevented the stress-induced decrease in social exploration that is 
a typical consequence of stress, but paradoxically systemic administration 
exacerbated the effect of stress. These results suggest that MAGL inhibition can 
augment evoked synaptic transmission through a combination of intrinsic 
plasticity and reduction in presynaptic inhibitory tone and that these changes 
translate to a stress-protective effect when applied in vivo. However, caution is 
warranted with regard to the application of these findings to clinical treatments as 
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systemic MAGL had an undesirable consequence of increasing stressor induced 
anxiety.  
 
MAGL inhibition caused an increase in fEPSP amplitude in deep layers of the PL 
which we hypothesize to be a gain of function that could rectify the hypofrontality 
observed during uncontrollable stress. Although we did not directly measure the 
eCB 2AG, KLM29 likely led to a steady rise in 2AG in the PL slice. 2AG is a 
potent agonist for the CB1 receptor. To test whether the KLM29 induced increase 
in fEPSP was dependent on CB1 receptor we co-applied the CB1R inverse 
agonist AM251 which prevented the effect of MAGL inhibition suggesting that 
CB1Rs are the primary target of increased 2AG. In the vmPFC, 98% of CB1Rs 
are localized to GABAergic terminals, where activation of CB1Rs results in both a 
transient suppression of GABA release and long term depression of inhibitory 
transmission (Chiu et al., 2010; Hill et al., 2011; Kiritoshi et al., 2013). 
Importantly, KML29 had no effect when coadministered with the GABAA receptor 
antagonist SR-95531. Next, in whole cell recordings, we quantified the effect of 
KML29 on sIPSCs and sEPSCs. Interestingly KML29 reduced both the frequency 
and amplitude of both forms of synaptic input. The reduction in sIPSCs like likely 
due to CB1Rs on presynaptic GABAergic neurons whereas the reduction in 
sEPSCs may be due to a eCB mediated suppression of excitatory inputs 
(DSE)(Diana and Marty, 2004).  
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A shift in PL evoked fEPSPs could also be a consequence of 2AG modulation of 
the intrinsic membrane properties of excitatory neurons. However, effects of 
eCBS on intrinsic properties are not well understood in the PL, or other brain 
areas. We quantified active and passive membrane characteristics in whole cell 
recordings of PL deep layer pyramidal neurons. Here, MAGL inhibition led to a 
number of interesting changes in PL properties. A depolarization of resting 
membrane potential, decreased the slow after hyperpolarization after a spike 
train, and reduction in membrane time constant (Tau) all would suggest that 
KML29 would cause PL neurons might be more likely to fire action potentials in 
vivo. However, KML29 reduced the after depolarization, which would reduce the 
likelihood of burst firing, and decreased the firing rate (instantaneous frequency). 
The observed changes in sAHP, membrane potential, and membrane time 
constant may reflect decreased M-current. Cannabinoids decrease persistent M-
current in pyramidal neurons through a CB1R dependent mechanism 
(Schweitzer, 2018). Furthermore, intrinsic excitibility of vmPFC neurons are 
modulated but M-type potassium channels (Santini and Porter, 2010; Peng et al., 
2017). However, the intrinsic consequences of KML29 are mixed. Indeed, these 
effects appear to counteract each other as we found no shift in the I/O curves of 
individual neurons after KML29 application. Overall, the investigation of MAGL 
inhibition on PL synaptic activity suggests a net shift toward circuit excitation that 
is mediated by CB1R inhibition of presynaptic interneurons. 
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As reviewed in the introduction, PL neuronal activity during stress is a correlate 
of stress resilience and pharmacological augmentation of the PL is stress 
protective (Maier and Watkins, 2010). Given the excitatory effect of KML29 on 
the PL in acute slices we administered KML29 to the vmPFC of rats prior to 
inescapable shock stress. IS typically leads to a reduction in social exploration, 
an index of anxiety-like behavior (Baratta et al., 2007). Here, IS reduced social 
exploration of a juvenile in rats that received saline injections but did not alter 
social exploration in rats that received KML29 in the vmPFC. Importantly, rats 
with cannulas found outside of the vmPFC (PL/IL regions) did not appear to be 
protected from the IS effect. This result is consistent with prophylactic effects of 
intra-vmPFC ketamine (Amat et al., 2016; Dolzani et al., 2018), picrotoxin (Amat 
et al., 2008; Christianson et al., 2009), and optogenetic stimulation (Baratta et al., 
2015), which all lessen the impact of IS on later anxiety like behaviors. To our 
surprise, when KML29 was administered systemically prior to IS, we found no 
effect on social behavior at a low dose (4mg/Kg) and a stress-enhancing effect at 
a high dose (40mg/Kg). The high dose was selected as a dose documented to 
significantly raise 2AG in brain (Chang et al., 2012). The high dose may actually 
augment stress responsive structures outside of the PFC, for example in the 
dorsal raphe nucleus where eCBs might release 5-HT neurons from local 
inhibition (Geddes et al., 2016), which is sufficient to recapitulate a number of 
effects of IS (Maier and Watkins, 2005). Interestingly, our result contrasts with 
recent work in mice in which systemic administration the MAGL inhibitor JZL184 
led to stress resilience (Bluett et al., 2017; Bedse et al., 2018). Dose, species 
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specific roles of 2AG, intrinsic differences in the MAGL inhibition or off-target 
effects of these drugs might explain the different behavioral results. Nonetheless, 
the available evidence suggests caution is needed when developing MAGL 
inhibitors for clinical use in stress related psychiatric illness.  
 
The neural circuitry of resilience to IS is well elaborated. Behavioral or 
pharmacological treatments that augment PL activity lead to selective activation 
of deep layer pyramidal neurons that project to the dorsal raphe and inhibit 5-HT 
neuronal activity during stress ((Maier and Watkins, 2010; Christianson and 
Greenwood, 2014)). We believe MAGL inhibition in the PL during IS activates 
this same descending pathway to promote resilience. Regarding eCBs and 
uncontrollable stressors, there is a loss of AEA tone (McLaughlin et al., 2012) 
which, via release of tonic GABAergic inhibition, causes a reduction in PFC 
output. On the other hand, exposure to stress has also been shown to increase 
2AG release within the vmPFC through a glucocorticoid-dependent mechanism, 
which acts to disinhibit pyramidal neurons in the PL and promote termination of 
the hypothalamic-pituitary-adrenocortical stress response (Hill et al., 2011). 
Raising 2AG levels by MAGL inhibition may counteract the net inhibitory effect of 
inescapable stress and loss of AEA and bias PL activity to control the activity of 
stress responsive circuits in the brainstem and limbic system. Consistent with 
these findings, activation of CB1R in the vmPFC enhances behavioral coping in 
swim stress models (Bambico et al., 2007; McLaughlin et al., 2012) and fosters 
active coping responses during chronic stress (McLaughlin et al., 2013). In sum, 
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our data provide new routes for investigation into how to refine and augment eCB 
signaling within the vmPFC as a candidate pharmacotherapy that promote 
resilience and stress coping.  
  
 




Chapter 2: Action Outcome Inputs to the Prelimbic are not Sensitive to 
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Introduction 
Stress is a risk factor for neuropsychiatric disorders such as post-traumatic stress 
disorder and Depression (Gillikin et al., 2016), yet not all individuals who are 
exposed to stress develop such disorders. There are several determinants of the 
effects of stress. One factor involved is coping strategy (Maier and Watkins, 
2005; Maier et al., 2006). A growing body of research in humans has 
demonstrated that active coping strategies – defined as using available 
resources to problem solve – are positively correlated with resilience (Southwick, 
Vythilingam and Charney, 2005; Thompson et al., 2018). Further evidence in 
other non-human mammalian species demonstrates that resilience to a potent 
acute stressor can be achieved through active coping (Maier and Watkins, 2005). 
Biological sex is also in important predictor of susceptibility versus resilience to 
stress, as females are more likely to develop a stress related neuropsychiatric 
disorder following acute stress exposure (Tolin and Foa, 2006). Women are twice 
as likely to experience depression and anxiety disorders as men (Breslau and 
Davis, 1992). Understanding the mechanisms through which active coping leads 
to resilience, and how this mechanism is modulated by sex, is needed to develop 
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Preclinical rodent research has demonstrated that the negative impact of an 
identical physiological stress (e.g. repeated tail shocks) can be ameliorated by 
the ability to exert behavioral control over the stressors termination (Maier and 
Watkins, 2005). In rats, exposure to inescapable stress (IS) in the form of 
repeated tail shocks leads to failure to escape in shuttle box (Maier, Anderson 
and Lieberman, 1972), exaggerated fear conditioning (Maier, 1990), and reduced 
juvenile social exploration (Short and Maier, 1993; Christianson et al., 2009). In 
contrast, a rat exposed to escapable stress (ES) - which receives tail shocks of 
identical count, intensity, and duration, but can perform an operant task (e.g. 
wheel turning) to control the termination of the shock – does not show these 
negative consequences. In most cases a rat that underwent ES performs 
similarly to a rat that never received shocks (home cage control, HC) in these 
behavioral tests. Considerable progress has been made toward understanding 
the neurobiology that underlies the behavioral consequences of IS and the stress 
blunting effects of ES. Maier and colleagues demonstrated that the DRN 
serotonin (5-HT) system is both necessary and sufficient to produce the 
behavioral effect of IS, and that exposure to IS leads to sustained activation of 
5HT neurons within the DRN resulting in their sensitization (Maier, Kalman and 
Grahn, 1994; Maier et al., 1995). Exposure to subsequent stressors then result in 
enhanced 5-HT release in regions such as the BLA, Nucleus accumbens, and 
PFC (Bland, Hargrave, et al., 2003; Bland, Twining, et al., 2003).  that has been 
shown to be necessary for the negative consequences. While the DRN is the 
primary loci accounting for the sequelae of IS, an essential substrate for the 
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stress protective effects of control over stress is activation of neurons in the deep 
layer of the prelimbic (PL) region of the prefontal cortex that project to the dorsal 
raphe nucleus (DRN). This specific set of neurons has been shown to be 
selectively activated during ES (Baratta et al., 2009) and necessary for ES to 
confer resilience (Amat et al., 2005). Furthermore, activation of these neurons in 
the absence of control over is sufficient to confer resilience (Baratta et al., 2018). 
 
As mentioned, biological sex is an important predictor of susceptibility versus 
resilience to stress. However, the majority of the present literature contains 
research conducted in males only, but this is starting to change. Work in females 
reveals that IS in females leads to exaggerated freezing and reduced latency to 
escape in a shuttle box compared to HC, similar to what has previously been 
shown in males (Baratta et al., 2018). Surprisingly females that undergo ES learn 
to perform the operant task to terminate the shock, but ES did no blunt the 
negative effects of stress in females (Baratta et al., 2018). Retrograde tracing 
from the DRN revealed that while the PL-DRN pathway is intact in females, 
neither IS or ES produce more Fos in DRN-projecting neurons than HC (Baratta 
et al., 2018). Interestingly, pharmacological activation of this pathway was 
sufficient to provide the protective effect in females (Baratta et al., 2018). 
Furthermore, exposure to ES results in sex specific plasticity in DRN-projecting 
PL neurons. While ES in males increases spine formation of PL neurons that 
selectively project to the DRN, ES in females increases spine formation in PL 
neurons irrespective of their connectivity to the DRN (Baratta et al., 2019). In 
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sum, while females are able to learn the escape contingency similar to males, ES 
does not engage the PL to DRN neurons and results in equal activation of the 
DRN in ES as in IS. Presumably this results in DRN sensitization during both IS 
and ES in females. 
 
Activation of the PL-DRN pathway is a critical determinant for stressor 
controllability to confer resilience, but the mechanisms of circuit selection that 
lead to specific PL-to-DRN output during ES in males are unresolved. It is 
unknown why the PL-DRN pathway is engaged in males during ES but not IS, 
nor why the PL-DRN pathway in not engaged during ES in females. The 
differences in PL-DRN output may be driven by differential engagement of PL 
inputs. As a highly interconnected hub with a role in a variety of behavioral 
phenomenon including stress, fear expression, and action-outcome learning, the 
PL may integrate this information as each of these functions is probably relevant 
to coping. While many studies have focused on the outputs of the PL in emotion 
regulation and executive function, few have investigated the inputs the PL during 
such tasks. Understanding which PL-afferents are activated under these 
conditions may identify key regions involved in controllability detection. 
 
Differential PL-DRN output in between IS and ES may be driven by activation of 
stress related PL-afferents that either dampen PL-DRN excitability in the IS 
condition, or activation of PL-afferents that promote PL-DRN excitability. he PL 
receives a variety of inputs from stress related regions such as the DRN and BLA 
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(Hoover and Vertes, 2007). IS results in increased extracelluar 5-HT in the PL 
following ES, suggesting greater activation of DRN afferents to the PL during IS. 
As optogenetic excitation of BLA-PL inputs is anxiogenic, while optogenetic 
silencing of the same pathway is anxiolytic (Felix-Ortiz et al., 2016), BLA inputs 
to the PL may be more active during IS than ES. Alternatively, difference in PL-
DRN excitability may be driven by afferents carrying information related to the 
action/outcome contingency during the ES condition (i.e. wheel turning 
terminating the shock). The PL is known to be involved in action outcome 
circuitry (Bradfield, Hart and Balleine, 2013; Hart, Bradfield and Balleine, 2018) 
and ES is suggested to rely on action/outcome learning (Amat et al., 2014). 
Anatomical tracing shows that the PL has afferents from several action-outcome 
associated regions, including the OFC and MD (Hoover and Vertes, 2007).  
 
The present set of experiments sought to determine if stress-induced activity in 
PL inputs differs as a result of stressor controllability or sex. We quantified 
stress-induced activity in afferents of the prelimbic by retrogradely labeling with 
fluorescent cholera toxin subunit B and colocalizing with Fos. We tested the 
hypothesis that IS results in greater engagement of stress/fear associated 
regions, while ES results in greater engagement of action-outcome associated 
regions. The OFC and the MD were included as regions of interest base on their 
known roles in action-outcome learning. Disruption of the reciprocal connections 
between the PL and MD impairs action-outcome learning (Bradfield, Hart and 
Balleine, 2013). The vlOFC has been shown to be involved in the acquisition of 
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action-outcome learning, particularly when there is a shift in action-outcome 
contingency (Parkes et al., 2018). The widely used paradigm for ES requires that 
the rat progressively increase the operant responding, which may be detected as 
a change in contingency. Additionally, we hypothesized that IS would result in 
greater activation of the DRN. This monoaminergic nucleus is activated in 
response to aversive stimuli (Grahn et al., 1999), and IS produces more 
extracellular 5-HT in the PL. Finally, we included the BLA as a region of interest 
given its known role BLA inputs to the PL in anxiety (Felix-Ortiz et al., 2016).  
Methods and Materials 
Subjects 
36 Male and 36 Female Sprague Dawley rats (225-250g) were purchased from 
Envigo (Haslett, Michigan, USA). Rats were housed in same-sex pairs, 
maintained on a 12-h light/dark cycle within the Boston College Animal Care 
Facility, and allowed 1 week to habituate to their home cages before the start of 
surgery.All experimental protocols were reviewed and approved by the Boston 
College Institutional Animal Care and Use Committee (IACUC). 
Surgical microinjection of fluorescent retrograde tracer 
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All rats received unilateral stereotaxic infusion of 500nl CTB AF488 into the PL. 
Rats were anesthetized using isoflurane (3% in O2) and mounted in a stereotaxic 
apparatus. An incision was made in the center of the scalp to expose bregma 
and lambda. 500nl of Cholera Toxin B conjugated to AlexaFluor 488 (CTb488, 
Thermo Fisher, Cat. No: C34775) were microinjected to the left hemisphere PL 
(male coordinates: 3.0mm anterior to bregma, 3.0mm ventral to bregma, female 
coordinates: 2.9mm anterior to bregma, 2.9mm ventral to bregma) according to 
the atlas of Paxinos and Watson (Paxinos and Watson, 2013) as previously 
(Conte, Kamishina and Reep, 2009) at a rate of 100nl/minute and allowed 2 min 
for diffusion. After surgery, rats were administered meloxicam (1mg/kg, Eloxiject, 
Henry Schein) and the antibiotic penicillin (12,000 Units, Combi-pen, Henry 
Schein) and allowed 2 weeks to recover before behavioral stress as described 
below. 
Stress procedure 
Two weeks after injection rats were split into three groups ES, IS and HC. The 
stress procedure involved placing the rat in a wheel turn apparatus (Med 
Associates Model ENV-586B) & restraining the tail with cloth tape. The apparatus 
was modified by placing a thin piece of acrylic over the metal bar floor to prevent 
rats from grasping the floor which we found in pilot studies to interfere with wheel 
turning. Copper electrodes were placed at approximately 2 & 4 cm from the base 
of the tail and augmented with electrolyte paste and connected to a shocker 
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(Coulbourn Instruments Model H15-13). Tailshocks (1mA) are delivered on a 
variable schedule with an average inter-shock-interval of 60s. For rats assigned 
to ES, turning the wheel can terminate the shock. Rats rapidly learned this 
behavior and a progressive fixed ratio (FR) schedule was employed to ensure 
rats were performing an operant response and not simply acting reflexively. 
Specifically, each ¼ wheel turn caused the closure of a microswitch, which is 
detected by a PC running custom software. At the outset of the experiment, ¼ 
wheel turn terminated the shock (FR-1). If the response was made in fewer than 
5s then the response doubled on the next trail. This pattern continued until a 
maximum of 4 full wheel turns is reached (FR-16). Failure (no response in 30s) 
on any trial resets the escape requirement to FR-1. The rat in the IS condition is 
physically yoked to the ES subject, but the wheel in the IS box is not connected 
to the computer. This design results in two rats with exactly identical exposure to 
tailshock, with the only difference that the ES subject was able to exert 
behavioral control over the shock termination. Finally, the HCC group remained 
in the colony room until the time of perfusion. 
  
All rats were anesthetized with tribromoethanol i.p. two hours following the last 
foot shock. This time point was chosen based on numerous studies identifying 
Fos using the same paradigm (Grahn et al., 1999; Baratta et al., 2009, 2018; 
Amat et al., 2014). Females were tested for estrus phase. A blunt-tipped 
eyedropper filled with a small amount of 0.9% sterile saline was inserted into the 
vagina. Fluid was quickly expelled 2–3 times to gently lavage and collect vaginal 
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cells (approximately 0.25–0.5 mL). A drop was placed onto a glass slide and 
immediately examined with a microscope. Characteristic changes in the 
cytological appearance of the smears were used to identify the cycle stage: 
dioestrus (I/II), proestrus and estrus (as described in Cora, Kooistra and Travlos, 
2015). Rats were then transcardially perfused with 0.01M PBS with heparin 
sulfate followed by 4% paraformaldehyde in 0.1M phosphate buffer. Brains were 
removed and post fixed overnight in 4% paraformaldehyde in 0.1M phosphate 
buffer before being transferred to a solution of 30% sucrose in 0.01M phosphate 
buffer for a minimum of 2 nights. The brains were then rapidly frozen in 2-methyl-
butane on dry ice and cryosectioned at 35µm into 5 series in the coronal plane 
and stored in cryoprotectant until the time of immunohistochemistry. 
Immunohistochemisty and quantification of single and double labeled cells 
Free floating sections were blocked with 2% normal goat serum in PBS-T (0.02% 
Triton-X100) and incubated overnight in rabbit anti-c-fos antibody at 1:5000 
(Millipore, ABE457). The following morning, sections were washed and incubated 
in Dylight-549 conjugated goat anti-rabbit secondary antibody at 1:500 (Vector 
Labs). Slices were floated onto glass slides, dehydrated, cleared, coverslipped 
with Vectashield hard set with DAPI (Vector Labs), and left to dry for 24 hours. 
Sections were imaged at 10x Plan-Apochromat objective (N.A. = 0.45) using a 
Zeiss Axioimager Z2 light microscope with a monocrhome CCD camera 
(Hamamatsu Orca 2). Fos positive cells were quantified within a standardized 
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size area for each region based on atlas images (Paxinos and Watson, 2007, 
see Table 2.1). The cell counter plug-in on ImageJ software was used to 
automate Fos quantification, and parameters were verified by manual cell counts. 
CTB positive cells and CTB positive/Fos positive colabeled cells were quantified 
manually by an observer blind to treatment. For each brain region of interest, 2 
sections per animal were analyzed. Sections from animals whose CTB injections 
were determined to be outside of the PL, and sections with damage obscuring 
counts were excluded from analysis.  
 
Table 2.1 Regions of Interest  
Region of Interest Abbreviation Distance from bregma 
Orbitofrontal cortex, lateral lOFC 4.2mm 
Orbitofrontal cortex, ventral vOFC -2.8mm 
Dorsomedial Thalamus MD -2.8mm 
Basolateral Amygdala BLA -5.2mm 
Dorsal Raphe Nucleus DRN -8.0mm 
Statistical analysis  
The effects of sex and treatment on Fos+, CTB+, and double labeled cells were 
analyzed with 2x3 (sex by stress) two-way ANOVA. Main effects and interactions 
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were considered statistically significant at p < 0.05. When appropriate, post hoc 
comparisons were made using Sidak correction for multiple comparisons. All 
data analysis and visualization was performed in GraphPad Prism 8.  Error bars 
in figures represent standard error of the mean.  
 
Figure 2.1 Schematic of experimental design. Rats received unilateral 500nL injections of  CTB in 
the PL. Two weeks later rats underwent ES, IS, or remained were left in the colony room HC. All 
rats were perfused two hours following the last tail shock in the stress groups. Brains were 
sectioned and processed for immunohistochemistry to fluorescently label Fos+ cells. Atlas 
images on the right depict spread of CTB near the injection cite for all animals included in 
analysis.    
Results 
Basolateral amygdala 
To determine if IS results in greater activation of PL afferents originating in the 
BLA, we counted CTB+, Fos+, and double labeled cells within the BLA following 
ES, IS, or HC treatment in males and females. There were no main effects of 
stress (F (2, 32) = 2.670, p = 0.0846) or sex (F (1, 32) = 0.799, p = 0.378) nor 
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interaction (F (2, 32) = 0.3330, p = 0.719 ) on the number of CTB+ cells in the 
BLA. There was a main effect of stress (F (2, 32) = 8.66, p < 0.001), but not sex 
(F (1, 32) = 0.298, p < 0.590) or stress by sex interaction (F (2, 32) = 0.5891) on 
Fos+ cells. ES animals had higher BLA Fos+ cells than HC animals in males (p < 
0.01) and females (p < 0.05). Double labeled cells in the BLA were not affected 
by sex (F (2, 32) = 0.0268, p = 0.063) or stress (F (1, 32) = 3.70, p = 0.974) or 
interaction (F (2, 32) = 2.175, p = 0.130).  
 
Figure 2.2 BLA inputs to the PL are not sensitive to stress. A) Schematic of rat brain coronal 
section containing BLA (red box) on the left and representative image of BLA showing Dapi 
(blue), CTB (green), and Fos (red). Arrow heads point to CTB+ (black) and CTB+/Fos+ double 
labeled cells (white). B) No differences in CTB+ cells were found between groups. C) ES resulted 
in more Fos+ cells within the BLA than HC (p<0.001), but was not different from IS. D) There we 
no differences in double labeled cells BLA. Two-way ANOVAs followed by Sidak post hoc. Error 
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Dorsomedial thalamus 
To determine if ES results in greater engagement of PL inputs from the MD in 
males compared to all other groups, we calculated CTB+, Fos+ and double 
labeled cells within the MD. The number of CTB+ cells didn’t differ between the 
sexes (F (1, 25) = 2.215, p = 0.1301) or between stress groups (F (2, 25) = 
0.207, p = 0.814). There was no effect of stress (F (2, 25) = 0.103), sex (F (1, 25) 
= 0.00532), or interaction (F (2, 25) = 2.34, p = 0.117) on Fos+ cells in the MD. 
Double labeled cells in the MD were not different as a result of stress (F (2, 25) = 
2.681, p = 0.0881), sex (F (1, 25) = 1.032, p = 0.319) or interaction (F (2, 25) = 
0.6501, p = 0.531). 
 
Figure 2.3 MD inputs to the PL are not sensitive to stress. A) Schematic of rat brain coronal 
section containing MD (red box) on the left and representative image of MD showing Dapi (blue), 
CTB (green), and Fos (red). Arrow heads point to CTB+ (black) and CTB+/Fos+ double labeled 
cells (white). No differences were found in CTB+ (B), Fos+ (C), or double labeled (D) cells 
between stress groups or between sexes. Two-way ANOVAs followed by Sidak post hoc. Error 
bars represent S.E.M. 
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Orbitofrontal cortex 
Two-way ANOVA revealed no main effect of stress (F(2, 47) = 2.370, p = 
0.1045), sex (F (1, 47) = 2.635, p = 0.1112), or interaction (F(2, 47) = 0.7823, p = 
0.4632) on CTB+ neurons in the lOFC. The was no main effect of sex (F(1,47) = 
1.073, p = 0.3055) nor interaction, (F(2,47)=0.0072, p = 0.9927) on Fos+ cells in 
the lOFC, but there was a main effect of stress (F (2,47) = 5.92, p < 0.01). ES 
and IS resulted in more Fos+ cells in the lOFC than HC (p < 0.01, p < 0.05 
respectively), but ES was not significantly different from IS (p = 0.759). There 
was a main effect of stress on double labeled cells in the lOFC (F (2,47) = 4.88, p 
< 0.05). IS resulted in more double labeled cells than HC (p < 0.01). There was 
not a main effect of sex (F (1, 47) = 0.102, p = 0.750) nor interaction (F (2, 47) = 
0.371, p = 0.692).   
 
In CTB+ neurons in vOFC, a two-way ANOVA revealed no main effect of stress 
(F (2, 42) = 0.5910, p = 0.5583), sex (F (1, 42) = 2.132, p = 0.1517), or 
interaction (F (2, 42) = 0.08747, p = 0.9164). The was no main effect of sex (F (1, 
42) = 0.005690, p = 0.9402) nor interaction (F (2, 42) = 0.5737, p = 0.5678) on 
Fos+ cells in the vOFC, but there was a main effect of stress (F (2, 42) = 16.45, p 
< 0.0001). ES and IS resulted in more Fos+ cells in the vOFC than HC (p < 
0.0001, p = 0.0002 respectively), but ES was not significantly different from IS (p 
= 0.8140). There was a main effect of stress on double labeled cells in the vOFC 
(F (2, 42) = 3.514, p = 0.0388). ES resulted in more double labeled cells than HC 
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(p = 0.0377). There was not a main effect of sex (F (1, 42) = 0.4543, p = 0.5040) 
nor interaction (F (2, 42) = 1.149, p = 0.3268).   
 
 
Figure 2.4 PL inputs from the vOFC and lOFC are sensitive to stress per se but not stressor 
controllability. A) Center, schematic of rat brain coronal section containing lOFC and vOFC (red 
boxes) representative image of vOFC (left) and lOFC(right) showing Dapi (blue), CTB (green), 
and Fos (red). Arrow heads point to CTB+ (black) and CTB+/Fos+ double labeled cells (white). 
No differences in CTB+ cells were found between groups in the vOFC (B) or lOFC (E). ES and IS 
produced more Fos+ cells in the vOFC (C, p < 0.01, p<0.05 respectively). ES produced more 
double labeled cells in the vOFC than HC (D, p<0.05), but IS did not differ from HC. ES and IS 
produced more Fos+ cells in the vOFC (F, p < 0.0001, p<0.001 respectively). IS produced more 
double labeled cells in the lOFC than HC (G, p<0.05), but ES did not differ from HC. Two-way 
ANOVAs followed by Sidak post hoc. Error bars represent S.E.M. 
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Dorsal Raphe Nucleus 
To determine if IS results in greater activation of PL afferents originating in the 
DRN, we counted CTB+, Fos+, and double labeled cells within the DRN following 
ES, IS, or HC treatment in males and females. Two-way ANOVA revealed no 
main effect of stress (F (2, 43) = 0.1025, p = 0.9028), sex (F (1, 43) = 0.01851, p 
= 0.8924), nor interaction on CTB+ cells in the DRN (F (2, 43) = 2.023, p = 
0.1447). There was a main effect of stress on Fos+ cells in the DRN (F (2, 43) = 
0.657, p = 0.523). Fos+ cells in the DRN were higher in ES and IS compared with 
HC (p < 0.0001, p < 0.01 respectively). There was also a main effect of stress in 
the number of double labeled cells in the DRN (F (2, 43) = 10.45, p<0.0002). 
Again, ES and IS resulted in greater double labeled cells than HC (p < 0.0001, p 
< 0.05 respectively).  
 
Figure 2.5 PL inputs from the DRN are sensitive to stress per se but not stressor controllability. 
A) Schematic of rat brain coronal section containing DRN (red box) on the left and representative 
image of BLA showing Dapi (blue), CTB (green), and Fos (red). Arrow heads point to CTB+ 
(black) and CTB+/Fos+ double labeled cells (white). B) No differences in CTB+ cells were found 
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between groups. C) ES and IS resulted in more Fos+ cells within the DRN than HC (C, p<0.0001, 
p<0.01 respectively), but did not differ from each other. ES and IS resulted in more double 
labeled cells within the DRN than HC (D, p<0.0001, p<0.05 respectively), but did not differ from 
each other. Two-way ANOVAs followed by Sidak post hoc. Error bars represent S.E.M. 
Discussion  
We evaluated differences in engagement of PL inputs in response to controllable 
and uncontrollable stress in males and females. We found that none of the 
putative action-outcome related inputs to the PL were activated more during ES 
than IS. While PL inputs in the two subdivisions of the OFC did show sensitivity 
to stress per se, Fos and double labeled cells in the MD were not detectably 
different from HC animals. Similarly, stress had no effect on the BLA inputs to the 
PL. Inputs from the DRN were activated by stress but did not differ between ES 
and IS. Neither Fos+ cells nor double labeled cells differed between males and 
females in any of the regions measured. These results demonstrate that a 
number of PL inputs are not differentially activated by ES and IS.  
 
Our results suggest that information the PL regarding action-outcome 
contingency during ES is not coming from the MD or OFC. Based on anatomical 
inactivation studies targeting the PL and dorsal striatum, the stress blunting 
effects of ES are believed to rely on action-outcome learning circuitry. First, the 
PL a critical role of inhibiting the DRN during ES, but the PL is necessary for 
instrumental responding to be occur through action-outcome learning (Corbit and 
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Balleine, 2003). Second, the DMS and DLS play dissociable roles in instrumental 
learning; The DMS is required for action-outcome learning, and the DLS is 
required for habit learning (Yin, Knowlton and Balleine, 2004; Hart, Bradfield and 
Balleine, 2018). ES under DLS inactivation still confers resilience, but the stress 
buffering effects are blocked when ES occurs with DMS inactivation (Amat et al., 
2014). During ES, the DMS may be necessary for learning the contingency 
between wheel turning and shock terminating, as DA signaling in the DMS is 
required for learning action-outcome contingencies (Lex and Hauber, 2010).  
DA in the PL alters instrumental responding but isn’t necessary for action-
outcome learning (Lex and Hauber, 2010). An unresolved question is how 
information regarding the action outcome contingency gets to the PL, as the 
DMS does not send direct projections to the PL (Hoover and Vertes, 2007). As a 
major thalamic input to the PL, the one potential source. Reciprocal connections 
exist between the MD and PL and have been shown to be necessary for action 
outcome learning (Bradfield, Hart and Balleine, 2013).  The vlOFC has been 
shown to be involved in the acquisition of action-outcome learning, particularly 
when there is a shift in action-outcome contingency (Parkes et al., 2018). In light 
of our findings it seems unlikely that this information is carried through the MD or 
OFC.  
 
Fos was increased in the lOFC, vOFC, DRN, and BLA as a result of stress, but 
was not sensitive to stressor controllability. These findings are consistent with 
numerous studies comparing Fos expression in discrete brain regions following 
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ES and IS (Grahn et al., 1999; Baratta et al., 2009, 2018; Amat et al., 2014) and 
in most cases stressor controllability differences were not detectable with Fos 
alone.  In prior work, stressor controllability effected Fos expression in specific 
cell types. ES reduces the number of Fos labeled 5-HT neurons in the DRN and 
increases the number of DRN projecting neurons in the PL. The leading 
hypothesis to explain why PL to DRN neurons are recruited during ES is that the 
PL receives different inputs during ES compared to IS, possibly within brain 
regions associated with instrumental learning and emotion. This is the first study 
to investigate these PL inputs during stress and the initial results call into 
question the veracity of the foregoing hypothesis. Instead of the differences in the 
PL output being driven action-outcome, it may be driven by differences in stress 
related inputs to the PL.  
 
Surprisingly ES did not result in fewer double labeled cells than IS in the DRN. 
We hypothesized that IS would engage more PL inputs from the DRN than ES, 
because IS has been shown to produce more extracellular 5-HT in the PL (Bland, 
Hargrave, et al., 2003). The DRN is the main source of 5-HT within the brain, and 
broadly releases 5-HT in response to IS (Amat et al., 1998a, 1998b; Bland, 
Hargrave, et al., 2003; Bland, Twining, et al., 2003). Reduced activation of PL 
input from the DRN also seemed likely given that PL engagement during ES and 
likely inhibits activity within the DRN (Baratta et al., 2009). It remains possible 
that the inputs from the DRN differ between ES and IS. The present study does 
not identify cell type within the DRN or determine when these cells are active. 
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Thus, while ES and IS both engage DRN inputs to the PL, IS may result in more 
sustained activation of these neurons, or may recruit more DRN 5-HT neurons 
than ES. Alternatively, the differences observed in extracellular 5-HT in the DRN 
may reflect local mechanisms within the PL rather than difference in activation of 
DRN 5-HT neurons. For example, 5HT2B receptors are densely expressed in the 
vmPFC, have been shown to exert presynaptic inhibition on DRN 5-HT neurons 
inhibit synaptic release of 5-HT, their expression is altered by stress (Yohe, 
Suzuki and Lucas, 2012).  
 
Activity in BLA inputs to the PL were not sensitive to controllability. As 
chemogenetic excitation of BLA-PL inputs is anxiogenic and optogenetic 
silencing of the same pathway is anxiolytic (Felix-Ortiz et al., 2016), we predicted 
that IS would engage more PL projections in the BLA. The BLA is important for 
acquisition of both positive and negative associations (Shabel and Janak, 2009). 
The BLA-PL inputs may signal negative valence in both the ES and IS 
conditions. Alternatively, BLA inputs may during IS may reflect negative valence, 
while BLA inputs in the PL may convey action-outcome information (Ostlund and 
Balleine, 2008).  
 
That no regions showed sensitivity to stress controllability in the number of 
double labeled cells may suggest that analysis of Fos may not be the best 
method for detecting controllability dependent activity. Analysis of Fos allows for 
ex vivo assessment of immediate early gene expression, which are produced in 
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response to increases in extracellular calcium resulting activation of NMDA 
receptors or voltage gated calcium channels (for review see, Mcreynolds et al., 
2018). While previous studies have detected Fos differences between ES and IS, 
they required looking as specific subpopulations of cells via colabeling with 
neurotransmitters in the DRN or tract specific tracing (Grahn et al., 1999; Baratta 
et al., 2009). For example, IS produces more colabeling between Fos and 5-HT 
DRN (Grahn et al., 1999). However, IS has been shown to produce sustained 
activation of the DRN throughout exposure to IS. Sustained activity would result 
in turn result increased extracellular calcium and increased Fos expression. 
Thus, analysis of Fos may be best suited for detection of activity in regions where 
sustained activity occurs in response to the experimental stimulus. Similarly, ES 
increases Fos colocalization in PL inputs may to the DRN. The PL is thought to 
play a dual role during ES. First it has been proposed to be involved in detection 
of the action-outcome contingency during ES (Amat et al., 2014). Subsequent to 
detection of control, the PL likely then inhibits the DRN to prevent DRN 5-HT 
sensitization (Rozeske et al., 2011). Here, regulation of the DRN may require 
sustained activation throughout the long stress exposure. In contrast, detection of 
control over stress by action-outcome associated regions may occur early during 
ES, as rats reach mastery within a few trials (see chapter 3 Figure 3.1 for 
example). Once learned, inputs from these regions may no longer be required. 
Without sustained activation, Fos may not be a sensitive enough measure over a 
such a lengthy stimulus. Alternative approaches, such as in vivo 
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electrophysiology or calcium imaging, may be needed to resolve the differences 
in activation within the inputs.  
 
The results suggest that the sustained activity to the PL inputs from the regions 
measured doesn’t differ as a function of sex or stressor controllability. This 
leaves an open question about how PL projection neurons to the DRN are 
differentially activated by ES and IS and between males and females. The 
differences in activation within the PL may occur through local computation within 
the PL based on the inputs activated by stress and identified here (i.e. OFC, 
BLA, DRN), as well as other inputs not yet tested. More work is needed to 
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Introduction  
Stress is a risk factor for neuropsychiatric disorders such as post-traumatic stress 
disorder and depression (Gillikin et al., 2016), yet not all individuals who are 
exposed to stress develop such disorders. Several factors influence susceptibility 
versus resilience to the effects of stress. One factor involved is coping strategy 
(Maier and Watkins, 2005; Maier et al., 2006). A growing body of research in 
humans has demonstrated that active coping strategies – defined as using 
available resources to problem solve – are positively correlated with resilience 
(Southwick, Vythilingam and Charney, 2005; Thompson et al., 2018). Further 
evidence in other non-human mammalian species demonstrates that resilience to 
a potent acute stressor can be achieved through active coping, such as 
controlling the termination of a stressor (Maier and Watkins, 2005). Another 
important predictor of susceptibility versus resilience to stress is biological sex, 
as women are more likely to develop a stress related neuropsychiatric disorder 
following acute stress exposure (Valentino and Bangasser, 2016). Women are 
also twice as likely as men to experience depression and anxiety disorders 
(Breslau and Davis, 1992; Breslau; Naomi, 2002). A better understanding of the 
mechanisms through which active coping leads to resilience, and how this 
mechanism is varies by sex, is needed to develop more effective treatment and 
prevention strategies for stress related disorders. 
Stress coping research in rodents has used a paradigm that compares the 
behavior of a rat given behavioral control over the termination of a stressor – 
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referred to as escapable stress (ES) – to a yoked partner without control over the 
stressor – referred to as inescapable stress (IS) (Maier and Seligman, 2016). IS 
results in several behavioral deficits, collectively referred to as learned 
helplessness – including failures to escape in a shuttle box, exaggerated fear 
conditioning, and reduced social interaction with a juvenile conspecific (Maier, 
1990; Short and Maier, 1993; Christianson et al., 2010; Maier and Seligman, 
2016); many of these appear to be homologous to stress induced behaviors 
observed in humans and other species (Herbison et al., 2017). In contrast 
animals that experience ES do not show these behavioral deficits, and they often 
resemble home cage (HC) control animals in these paradigms used to measure 
learned helplessness. 
The field has made substantial progress in understanding of the neurobiology 
underlying the effects of ES and IS. The negative sequelae following IS are 
dependent on serotonin neurons in the dorsal raphe that are sensitized during IS, 
and upon subsequent stress exposure, these neurons release 5-HT in regions 
more proximal to behavioral regulation, such as the basolateral amygdala 
(Christianson et al., 2010).  The protection for stress that occurs during ES, on 
the other hand, requires neurons in the deep layers of the prelimbic cortex that 
project to the DRN and dampen 5-HT neuron firing (Amat et al., 2005; Baratta et 
al., 2009). This is a simplification of the underlying research (see (Maier and 
Watkins, 2010; Christianson and Greenwood, 2014; Worley, Hill and 
Christianson, 2018); but nevertheless, captures the bulk of existing research 
evidence.  
 
  93 
What is known about the neural and behavioral correlates of ES and IS is based 
on research conducted almost exclusively male rats. In the limited work exploring 
the behavioral and neurobiological effects of controllable and uncontrollable 
stress in females there are dramatic contrasts to males. For example, while 
uncontrollable stress enhanced eye blink conditioning in males, it reduced it in 
females and control over stress in the paradigm reversed this pattern (Leuner, 
Mendolia-Loffredo and Shors, 2004). In the stressor controllability paradigm, 
females receiving ES treatment readily perform the escape behavior (wheel 
turning) akin to males, but both ES and IS result in exaggerated fear conditioning 
and reduced social exploration (Baratta et al., 2018), akin to IS effects on males 
(Short and Maier, 1993; Christianson et al., 2009). Consistent with a lack of 
behavioral effect of ES, in females the PL neurons responsible for inhibition for 
the DRN in males are not engaged during ES in females (Baratta et al., 2018). 
Furthermore, exposure to ES results in sex specific plasticity in DRN-projecting 
PL neurons. While ES in males increases spine formation of PL neurons that 
selectively project to the DRN, ES in females increases spine formation in PL 
neurons irrespective of their connectivity to the DRN (Baratta et al., 2019).  
This brief review foreshadows what is likely to be a number of sex differences in 
the underlying neurobiology of stress coping that must be understood at a basic 
level before meaningful progress can be made toward improved treatment and 
prevention of stress related illness in women. The major goal of this study was to 
begin to describe the neural correlates of active coping and uncontrollable stress 
at a broad scale in male and female rats to illuminate sex differences in stress 
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response that could inform why males and females display different sensitivity to 
stressor controllability. To this end we analysed Fos expression across a large 
set of brain regions of interest (ROIs) in male and female rats exposed to either 
ES or IS. Fos quantification is a high throughput, anatomically precise method to 
understand both regional and functional connectivity patterns in complex 
networks that are likely to be engaged during stress (Mcreynolds et al., 2018). 
This method has been applied to fear conditioning (Wheeler et al., 2013), social 
behavior (Rogers-Carter et al., 2012) and consolidation of social memory 
(Tanimizu et al., 2017). Analysis of Fos allows for ex vivo assessment of 
immediate early gene expression, which are produced in response to increases 
in extracellular calcium resulting activation of NMDA receptors or voltage gated 
calcium channels (Szekely, Barbaccia and Costa, 1987). There are several 
advantages of analyzing over other methods of quantifying neuronal activity. 
mRNA expression of c-fos is detectable within 15 minutes, but the protein 
product Fos reaches peak levels between 90m and 4h following a stimulus. 
Thus, Fos is an ideal method for measuring activity following electric shock, and 
it has been used extensively in the stressor controllability paradigm (Grahn et al., 
1999; Baratta et al., 2009, 2018; Amat et al., 2014) allowing for comparison to a 
significant body of literature. As the mRNA and protein product are expressed 
only within the nucleus, Fos is easy to quantify in many regions with high 
anatomical specificity and with automated image analysis software.  
The ability to quantify Fos across large sets of brain regions enables the 
comparisons of multiple measures of local activity, functional connectivity and 
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network features. First, each ROI can be analyzed for treatment effects, e.g. 
Does ES lead to different Fos levels in Males compared to Females in region X?. 
Second, pairwise correlations of Fos between all ROIs estimate functional 
connectivity between regions. Averages across all ROI pairs or subsets can be 
compared across treatments to determine group differences in functional 
connectivity. Third, networks can be constructed using ROIs as nodes and 
interregional Fos correlations as edges. The resulting network can be further 
investigated to identify subnetworks, nodes and other properties that are 
described in more detail below.  
Recent work in males suggests that the network responsible for action-
outcome learning may be necessary for the protective effects of ES. Action-
outcome learning, is a type of instrumental conditioning that involves a goal-
directed action that is acquired through the formation of a response-outcome 
association (Balleine and Dickinson, 1998). The action-outcome system encodes 
the relationship between an action and the value of the outcome such that 
devaluation of the reward outcome reduces responding. Action-outcome learning 
has been shown to be dependent on the PL and dorsomedial striatum (DMS, 
Corbit and Balleine, 2003; Hart, Bradfield and Balleine, 2018), as inactivation of 
these regions resulted in instrumental responding that was insensitive to reward 
devaluation. In ES, inactivation of the PL and DMS didn’t block learning of the 
wheel turn response, but did block the stress mitigating effects (Amat et al., 
2005, 2014). This suggests that the action outcome system may be engaged 
during ES. In addition to the PL and DMS, the action-outcome network is 
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suggested to include the mediodorsal thalamus, ventral pallidum, nucleus 
accumbens, ventral tegmental area, and orbitofrontal cortex (Balleine and 
O’Doherty, 2010). In the current investigation these regions were included and 
treated as the “action-outcome network” (Table 3.1). 
 
In the uncontrollable condition, the negative consequences of IS rely on the 
DRN, lateral ventral portion of the bed nucleus of the stria terminalis (BNSTlv), 
and the lateral habenula (LHb, (Maier, Kalman and Grahn, 1994; Hammack et 
al., 2004; Amat et al., 2014). That each one is necessary may indicate that these 
are essential components of an interconnected stress response network. 
Furthermore, a number of regions have been shown to be differentially activated 
in response to controllable versus uncontrollable stress including the lateral 
septum (LS), Nucleus accumbens, periaquiductal gray (PAG), medial preoptic 
area (MPOA), tenia tecta (DTT), piriform cortex (PIR), olfactory tubercle, 
caudate-putamen (Coco and Weiss, 2005). This set of regions was included in 
the current study as the “stress network” (Table 3.1). 
Here we used regional measures of Fos and interregional correlations to 
investigated functional connectivity between regions implicated in stressor 
controllability, regions involved in action-outcome learning, and regions with 
identified sex differences in response to stress. Using the well-established 
stressor controllability paradigm (Maier, Kalman and Grahn, 1994; Amat et al., 
2005; Baratta et al., 2009, 2018; Christianson et al., 2010) to compare ES and IS 
in males and females, we identified and compared networks activated under 
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each of these conditions. We found that females showed the highest functional 
connectivity as a result of exposure to ES or IS. We confirm the importance of 
the PL as an important node in the male ES condition and identify the BNSTlv 
and BLA as potentially important hubs in the male ES network.   
Methods and Materials 
Subjects 
Sprague Dawley rats (225-250g, N = 36 Male; N = 36 Female) were obtained 
from Envigo (Haslett, Michigan, USA),housed in same-sex pairs, maintained on a 
12-h light/dark cycle within the Boston College Animal Care Facility, and allowed 
1 week to habituate to their home cages. The rats used in this study were also 
used for tract-specific retrograde tracing experiment that involved stereotaxic 
injection of a fluorescent Cholera Toxin b in the PL. Those methods are 
described in Chapter 4. Surgery occurred 1 week after arrival to the vivarium and 
ES occured 2 weeks after recovery from surgery. All experimental protocols were 
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Stress procedure 
Rats were assigned to one of three groups (ES, IS and HC). The stress 
procedure involved placing the rat in a wheel turn apparatus (Med Associates 
Model ENV-586B modified by the insertion of a smooth plexiglass floor) and 
restraining the tail with cloth tape. Copper electrodes were placed at 
approximately 2 and 4 cm from the base of the tail, augmented with electrolyte 
paste and connected to a shocker (Coulbourn Instruments Model H15-13). 
Tailshocks (1mA) were delivered on a variable time schedule with an average 
inter-shock-interval of 60s. For rats assigned to ES, turning the wheel terminated 
the shock. Rats rapidly learn this behavior and a progressive fixed ratio (FR) 
schedule was employed to ensure rats performed an operant response and not 
simply a reflex. Specifically, each ¼ wheel turn caused the closure of a 
microswitch, which was detected by a PC running custom software (freely 
available by contacting the corresponding author). At the outset of the 
experiment, ¼ wheel turn terminated the shock (FR-1). If the response was made 
in fewer than 5s then the response doubled on the next trail. This pattern 
continued until a maximum of 4 full wheel turns was reached (FR-16). Failure (no 
response in 30s) on any trial reset the escape requirement to FR-1. The rat in the 
IS condition was physically yoked to the ES subject, but the wheel in the IS box 
was locked in place and not connected to the computer. This design resulted in 2 
rats with exactly identical exposure to tail shock, with the only difference that the 
ES subject was able to exert behavioral control over the shock termination. 
Finally, the HC group remained in the colony room until the time of perfusion, this 
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treatment has been used previously as a control in stressor controllability 
experiments had was found not to induce differential Fos to rats that were tail 
restrained but did not receive shock (Baratta et al., 2009, 2018; Amat et al., 
2014). 
Tissue Collection and Fos Immunohistochemistry Procedures 
After stress, rats were moved to a quiet room, where they remained undisturbed 
for 2 h.  Rats were perfused with 0.01M heparinized phosphate buffered saline 
(PBS) followed by 4% paraformaldehyde. Brains were dissected and post-fixed in 
4% paraformaldehyde at 4°C for 24h before being transferred to 30% sucrose. 
Brains were then sliced into 40μm sections at -20°C and stored in cryoprotectant-
filled well plates at 4°C. The immediate early gene product Fos was identified via 
immunohistochemistry (IHC) as a neural marker of activation. 
Fos was visualized as previously, (Rogers-Carter et al., 2012). Free floating 
sections were blocked with 2% normal donkey serum in PBS-T (0.01% Triton-
X100) and incubated overnight in rabbit anti-c-fos antibody at 1:5000 (Millipore, 
ABE457). The following morning, sections were washed and incubated in 
biotinylated donkey anti-rabbit secondary antibody at 1:500 (Jackson 
ImmunoResearch). Secondary was visualized using the avidin-biotin complex 
method (ABC Elite Kit, Vector Labs) with chromogen (Vector SG Peroxidase 
Substrate Kit, Vector Laboratories). At the completion of the reaction, slices were 
floated onto glass slides, dehydrated, cleared, coverslipped with Permount, and 
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left to dry for 48 hours. Sections were imaged at 10x (N.A. = 0.45) objective using 
a Zeiss AxioImager Z2 light microscope with an AxioCam HRc digital color 
camera. Fos positive cells were quantified within a standardized area for each 
region based on atlas images (Paxinos and Watson, 2007). The cell counter 
plug-in on ImageJ software was used to automate Fos quantification, and 
parameters were verified by manual cell counts. For each brain region of interest, 
2 sections per animal were analyzed. Measure in regions of interest with tissue 
damage were excluded from analysis.  
Functional Connectivity Analysis 
Within each of the four stressed experimental groups (Male ES, Male IS, Female 
ES, Females IS) all pairwise correlations between the average number of Fos 
cells were determined by Pearson correlation coefficient. To determine how 
functional connectivity differed by stress condition and sex, we contrasted mean r 
values for networks selected a priori. The comparisons were all regions of 
interest, stress network, action-outcome network, and the interaction between the 
stress and action outcome network. Each comparison was conducted as follows. 
Within each group, ninety-five percent confidence intervals of the mean 
correlation were calculated by bootstrapping (resampling subjects with 
replacement 1000 times and each time recalculating the mean correlation). 
Differences between mean correlation coefficients were assessed by calculating 
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ninety-five percent confidence intervals of differences between means and 
confidence intervals >0 were considered reliable. 
Anatomical and functional network construction 
An anatomical network was constructed using regions of interest as nodes and 
anatomical connections between them as edges. Anatomical connections were 
identified using ChemNetDB (Noori et al., 2017). Directionality of the anatomical 
connection are known, however as the anatomical networks were constructed 
primarily for the purpose of thresholding functional networks for comparison. 
Thus, the graph was constructed with undirected edges. 
 
Functional networks were constructed using ROIs as nodes and correlation 
coefficients between regions as edges. Each network was then thresholded to 
match the density of the functional network by rank ordering correlations and 
taking the smallest p-values.  In addition to the a priori networks described, 
Spectral clustering analysis was used for each group on the unthresholded 
network graphs for a data-driven approach to describe network connectivity. 
Hubs were identified using three measures, participation coefficient, degree, and 
betweenness. Participation coefficient represents the strength of a nodes 
connections within its community (Rubinov and Sporns, 2010) and was 
calculated prior to network thresholding. Degree corresponds to the number of 
edges that are incident to the node.  Betweenness is the number of all shortest 
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path lengths that pass through the node. Degree and betweenness were both 
calculated for all nodes after thresholding each graph to match the density of the 
anatomical network. All regions were ranked by participation coefficient, degree, 
betweenness and potential hub regions were considered regions that ranked in 
the top quartile for all three measures. Network analysis and visualization was 
conducted in Python 3.6 using the open-source packages Networkx 2.3 and 
Brain Connectivity Toolbox (Rubinov and Sporns, 2010). All scripts are available 
through github. 
Uncontrollable Stress Act/Outcome Learning Stress by Sex Interaction 
PL PL PL 
DRN DMS IL 
BNSTlv MD DRN 
LHb OFC OFC 
MPOA NaC VMH 
BLA BLA LH 
LSv VTA ACC 







Table 3.1. : Neural networks in action-outcome learning and in stress 
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Results 
Induction of c-Fos expression in multiple brain regions following ES and IS 
To determine how stressor controllability altered functional connectivity across 
brain networks, we quantified Fos expression elicited by exposure to ES, IS, and 
HC treatment in male and female rats. Among the 24 brain regions analyzed, 
two-way ANOVA revealed main effects of stress, but no main effects of sex, nor 
interactions (see Table 3.2 for full statistics). No differences were found in mean 
Fos between ES and IS in any of the regions measured.  
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Table 3.2 ANOVA Results by Brain Region 
 
Region  Abbrev Main Effect of 
Stress 
Main Effect of 
Sex 
Interaction 
Piriform Cortex Pir F (2,60) = 0.25, 
p < 0.0001 
F (1,60) = 0.27, 
p = 0.60 
F (2,60) = 40.35, 
p = 0.88 
Bed Nucleus of the Stria 
Terminalis, Lateral Ventral 
BNSTlv F (2, 64) = 
21.66, p < 
0.0001 
F (1, 64) = 0.78, 
p = 0.78 
F (2, 64) = 0.22, 
p = 0.80 
Medial Preoptic Area MPOA F (2, 64) = 
38.39, p < 
0.0001 
F (1, 64) = 0.02, 
p = 0.88 
F (2, 64) = 0.28, 
p = 0.76 
Prelimbic PL F (2, 63) = 
13.06, p < 
0.0001 
F (1, 63) = 
0.021, p = 0.89 
F (2, 63) = 0.13, 
p = 0.88 
Infralimbic IL F (2, 63) = 
13.66, p < 
0.0001 
F (1, 63) = 
0.001, p = 0.97 
F (2, 63) = 0.02, 
p = 0.98 
Lateral Hypothalamus LH F (2, 64) = 
19.97, p < 
0.0001 
F (1, 64) = 0.45, 
p = 0.50 
F (2, 64) = 0.25, 
p = 0.78 
Ventromedial Hypothalamus VMH F (2, 57) = 
18.92, p < 
0.0001 
F (1, 57) = 0.40, 
p = 0.53 
F (2, 57) = 0.13, 
p = 0.88 
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Dorsal Raphe Nucleus DRN F (2, 64) = 
12.31, p < 
0.0001 
F (1, 64) = 0.63, 
p = 0.43 
F (2, 64) = 2.14, 
p = 0.13 
Periaquiductal Gray PAG F (2, 64) = 
16.59, p < 
0.0001 
F (1, 64) = 0.35, 
p = 0.55 
F (2, 64) = 1.18, 
p = 0.32 
Lateral Habenula LHb F (2, 63) = 9.46, 
p = 0.0003 
F (1, 63) = 1.54, 
p = 0.22 
F (2, 63) = 1.16, 
p = 0.32 
Mediodorsal Thalamus MD F (2, 63) = 5.39, 
p = 0.007 
F (1, 63) = 0.47, 
p = 0.49 
F (2, 63) = 0.16, 
p = 0.85 
Basolateral Amygdala BLA F (2, 63) = 
22.80, p < 
0.0001 
F (1, 63) = 0.26, 
p = 0.61 
F (2, 63) = 0.28, 
p = 0.76 
Anterior Cingulate Cortex CG F (2, 66) = 
21.64, p < 
0.0001 
F (1, 66) = 0.90, 
p = 0.35 
F (2, 66) = 0.14, 
p = 0.87 
Lateral Septum, Dorsal LSD F (2, 61) = 
15.89, p < 
0.0001 
F (1, 61) = 0.08, 
p = 0.78 
F (2, 61) = 0.65, 
p = 0.53 
Lateral Septum, Ventral LSV F (2, 61) = 
26.52, p < 
0.0001 
F (1, 61) = 
0.033, p = 0.86  
F (2, 61) = 0.45, 
p = 0.64 
Nucleus Accumbens, Shell NaS F (2, 61) = 
14.15, p < 
F (1, 61) = 
0.083, p = 0.77 
F (2, 61) = 0.18, 
p = 0.84 
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0.0001 
Nucleus Accumbens, Core NaC F (2, 63) = 
17.50, p < 
0.0001 
F (1, 63) = 
0.00001, p = 
0.99 
F (2, 63) = 
0.017, p = 0.98 
Olfactory Tubercle OT F (2, 64) = 
13.26, p < 
0.0001 
F (1, 64) = 0.68, 
p = 0.41 
F (2, 64) = 0.31, 
p = 0.74 
Dorsomedual Striatum DMS F (2, 59) = 4.87, 
p = 0.011 
F (1, 59) = 1.15, 
p = 0.29 
F (2, 59) = 1.94, 
p = 0.15 
Dorsolateral Striatum DLS F (2, 59) = 5.00, 
p = 0.01 
F (1, 59) = 
0.0019, p = 0.97 
F (2, 59) = 0.55, 
p = 0.58 
Ventral Pallidum VP F (2, 64) = 
15.16, p < 
0.0001 
F (1, 64) = 
0.019, p = 0.89 
F (2, 64) = 
0.017, p = 0.98 
Ventral Tegmental Area VTA F (2, 59) = 
10.39, p < 
0.0001 
F (1, 59) = 1.17, 
p = 0.28 
F (2, 59) = 0.26, 
p = 0.77 
Orbitofrontal Cortex OFC F (2, 64) = 
12.17, p < 
0.0001 
F (1, 64) = 0.00, 
p > 0.99 
F (2, 64) = 0.00, 
p > 0.99 
Dorsal Tennia Tecta DTT F (2, 63) = 
12.99, p<0.0001 
F (1, 63) = 
0.025, p=0.87 
F (2, 63) = 0.35, 
p = 0.71 
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Functional Connectivity 
To determine if functional connectivity differed between groups, we compared 
mean r values between the four stress groups: male ES, female ES, male IS, and 
female IS. Averaged across all brain regions, we found more correlated activity in 
females than males for both ES and IS (Figure 3.2, Table 3.2). Furthermore, we 
found correlated activity in IS group to be higher than ES group in both males 
and females (Figure 3.2, Table 3.2). We found that correlated activity in the a 
priori defined stress network was higher in IS than ES in both males and females, 
and that correlated activity in the stress network was higher in females than 
males in the ES condition but not IS condition. Surprisingly, action-outcome 
network connectivity activity was greater in the female IS condition compared to 
females ES and males IS (Figure 3.2, Table 3.2). Correlated activity in the action 
outcome network didn’t differ between males and females in the ES groups nor 
between males in the ES and IS groups. Overall, connectivity in the action-
outcome network was lowest in the male ES condition. Connectivity between the 
stress network and the action-outcome network was higher in females in the ES 
and the IS condition compared with males. Connectivity between the stress 
network and the action outcome network was also higher the IS group compared 
with the ES group for females but not for males.  
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Figure 3.1.  Schematic of the experimental approach and wheel turn performance.  
A. Male and Female rats were exposed to ES (controllable tail shock) or IS (yoked uncontrollable 
tail shock). In order to quantify stress induced activity, brains were sectioned and stained for the 
immediate early gene product Fos. Fos was then quantified in 24 brain regions to produce sets of 
interregional correlations. Networks were constructed for each group using regions as nodes and 
interregional correlations as edges and used for identification of potential hubs. B. Graph 
depicting average frequency requirements by trial block (blocks of 5 trials) to indicate wheel 
turning performance of males (black squares) and females (green circles) during ES. C. Graph 
depicting average latency to escape by trial block (blocks of 5 trails) during ES in males (black 
squares) and females (green circles).  
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Figure 3.2. Overall functional connectivity differs as a function of stressor controllability and sex in 
stressed rats. (A) Interregional correlation matrices depicting for male ES, (B) female ES, (C) 
male IS, (D) female IS. Axes are labeled with regions abbreviations which can be found in Table 
3.1. Color depicts correlation strength indicated by the scale bar on the right. Positive correlations 
are red and negative correlations are blue. (E) Graph depicting the mean Pearson r for each 
group. Error bars represent bootstrapped 95% confidence intervals for the means. (F) Table of 
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difference between means between each pairwise group and bootstrapped 95% confidence 
intervals for differences of means. 
 
Figure 3.3. Functional connectivity in the stress network is sensitive to stressor controllability. (A) 
Interregional correlation matrices depicting for male ES, (B) female ES, (C) male IS, (D) female 
IS. ROI abbreviations are found in Table 3.1. Color depicts correlation strength indicated by the 
scale bar on the right. Positive correlations are red and negative correlations are blue. (E) Graph 
depicting the mean Pearson r for each group. Error bars represent bootstrapped 95% confidence 
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intervals for the means. (F) Table of difference between means between each pairwise group and 
bootstrapped 95% confidence intervals for differences of means.  
 
 
Figure 3.4 Females show the highest functional connectivity in action-outcome network following 
IS compared males and to ES in males and females. (A) Interregional correlation matrices 
depicting for male ES, (B) female ES, (C) male IS, (D) female IS. ROI abbreviations are in Table 
3.1. Color depicts correlation strength indicated by the scale bar on the right. Positive correlations 
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are red and negative correlations are blue. (E) Graph depicting the mean Pearson r for each 
group. Error bars represent bootstrapped 95% confidence intervals for the means. (F) Table of 
difference between means between each pairwise group and bootstrapped 95% confidence 
intervals for differences of means.  
 
 




Figure 3.5. Functional connectivity between the stress network and action-outcome network. (A) 
Interregional correlation matrices depicting for male ES, (B) female ES, (C) male IS, (D) female 
IS. ROI abbreviations are in Table 3.1. Color depicts correlation strength indicated by the scale 
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bar on the right. Positive correlations are red and negative correlations are blue. (E) Graph 
depicting the mean Pearson r for each group. Error bars represent bootstrapped 95% confidence 
intervals for the means. (F) Table of difference between means between each pairwise group and 
bootstrapped 95% confidence intervals for differences of means.  
 
 
Figure 3.6. Anatomical and functional connectivity networks. A)  Anatomical network displayed on 
schematic rat brain. Red circles represent network nodes corresponding to brain regions in their 
relative positions in the dorsal/ventral and rostral/caudal planes. Node sizes are drawn relative to 
node degree. Black lines represent undirected network edges corresponding to known anatomical 
projections between regions identified through ChemNetDB (Noori et al., 2017). B) Graphs 
depicting the functional connectivity network for male ES, (C) female ES, (D) male IS, (E) female 
IS. Colored circles correspond to ROI nodes, edges represent interregional correlations 
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thresholded to match the density of the anatomical network. Node colors indicate node modules 




Figure 3.7. Identification of potential hub nodes using centrality measures. A) graphs of nodes in 
the 75th percentile for centrality measures degree (red), betweenness (green), and participation 
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Network Analysis 
An anatomical network graph was constructed with existed neuroanatomy data 
collected from ChemNetDB. This graph served as a template for the data 
generated graphs such that graphs in each condition could be thresholded to 
have the same number of edges found in the anatomical network to maintain 
equal network density. Nodes in the anatomy graph represent the predetermined 
regions of interest while edges represent anatomical connections between 
regions. Directionality of the anatomical connection are known, however as the 
anatomical networks were constructed primarily for the purpose of comparison 
with functional networks, the graph was construct with undirected edges. 
 
Functional connectivity network graphs were generated using the 24 ROIS of Fos 
measurements as nodes and Pearson correlation coefficients as edges. For each 
group, networks were constructed by arranging the correlations in ascending 
order by p-values and adding the edges to the network sequentially until the 
network density matched that of the anatomical network (Figure 3.6).  
 
To identify potential hubs within each of the networks all nodes were ranked 
according to participation coefficient, degree, and betweenness (Figure 3.7.). 
Nodes in the top quartile for all three measures in a given condition were 
considered to be potential hubs. In the male ES condition unsurprisingly, the PL 
was identified as a hub along with the BNSTlv and BLA. In the female ES 
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condition none of the 24 nodes were found in the top quartile for all three 
measures. In the males IS condition the CG and the LSV emerged as potential 
hubs. Finally, the CG and DRN were identified as potential hubs in the Female IS 
condition. 
Discussion 
Here we evaluated differences in neural activity as a result of controllable and 
uncontrollable stress in males and females. We found that while males and 
females did not differ in their ability to learn to instrumentally escape electrical tail 
shocks, they did show differences in functional connectivity as a result of 
exposure to ES or IS. In all brain regions measured, controllable and 
uncontrollable stress resulted in increased Fos expression compared with HC. 
The controllability of stress did not influence Fos expression in any ROI. IS 
resulted in greater functional connectivity than ES in both sexes, and females 
had greater functional connectivity overall. This pattern held true when looking at 
the subset of regions implicated in stress. Although mechanistic data implicate 
action-outcome networks, surprisingly ES did not result in higher functional 
connectivity than IS in action-outcome associated regions in either sex, nor 
higher functional connectivity in action-outcome associated regions between 
males and females. Network analysis in each group revealed potential hubs 
based on participation coefficient, degree, and betweenness of each node for 
male ES (PL, BNSTlv, and DRN), male IS (CG, LSV), and female IS (DRN, CG), 
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but no regions emerged as potential hubs in the female ES condition. Though 
mean Fos expression was not affected by controllability in any region, analysis of 
interregional correlations revealed differences functional connectivity overall, 
within specific networks, and revealed network structure that can guide future 
investigations.  
 
The controllability of stress did not influence mean Fos expression in any ROI. 
Fos has compared between ES and IS in the LHb (Dolzani et al., 2016), DRN 
(Grahn et al., 1999), BNSTlv, BLA (Weinberg et al., 2010), but measured with in 
situ), PL (Baratta et al., 2009), IL (Baratta et al., 2009). In all regions listed, total 
Fos counts within these regions were not sensitive to controllability. 
Quantification of Fos within cell populations identified by neurotransmitter (Grahn 
et al., 1999) or anatomical projections (Baratta et al., 2009) is need to resolve 
differences resulting from controllability, with the exception of the DMS. In the 
DMS, ES induced greater Fos compared with IS (Amat et al., 2014). That we did 
not find controllability differences in the same regions is unclear, but may be 
related to procedural differences including immunohistochemistry protocols or 
antibodies used. This is first study to look at sex differences across these regions 
in the stressor controllability paradigm; that no sex differences in total Fos were 
apparent is surprising, but may reflect the need to identify cell types to resolve 
differences in individual regions.  
 
While Fos expression alone would suggest no difference in the regions involved 
with ES and IS, the present study reveals that differences can determined by 
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considering patterns of co-activity. We’ve demonstrated that functional 
connectivity changes as a function of sex in stressed animals and as a function 
of stressor controllability. First, females showed higher average correlation 
strength among all ROIs than males regardless of stress condition. This finding is 
consistent with a previous report of highly correlated patterns of neural activation 
in response to acute stress across several cortical and subcortical regions in 
females and fewer correlated regions in males (Sood, Chaudhari and Vaidya, 
2018). Furthermore, acute immobilization stress and forced swim in rats results 
in sex-specific Fos expression in various limbic regions (Sood, Chaudhari and 
Vaidya, 2018), suggesting sex differences in engagement of networks in 
response to stress. 
  
We found that IS produced higher average correlation strength between all ROIs 
compared with ES regardless of sex. While we are the first to demonstrate such 
a difference resulting from controllability, the reduction in correlated activity within 
the ES condition may reflect disengagement of the stress network – potentially 
through cortical inhibition. In this case, we would expect to see reduced 
coordinated activity in the stress network of ES animals compared to IS animals. 
Indeed, ES resulted in less functional connectivity in stress related structures 
than IS in both males and females. This suggests that coordinated activation of 
the stress network may be a key component to produce negative consequence. 
May be modulated by the action outcome network. 
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Surprisingly ES did not produce higher coordination between regions in our a 
priori defined action outcome network in either males or females. Instead, IS in 
females showed the highest functional connectivity compared with all other 
groups. We hypothesized that ES in males would produce the highest functional 
connectivity in action outcome associated regions. Current evidence suggests 
that action outcome learning is necessary in males for ES to confer resilience 
based on the necessity of PL and DMS for positively reinforced action-outcome 
learning with and for ES to confer resilience. Importantly, DMS inactivation didn’t 
alter wheel turning performance (Amat et al., 2014) and it’s remains untested 
whether DMS inactivation would render wheel turn learning insensitive to reward 
devaluation or changes to the action-outcome contingency – two methods for 
dissociating action-outcome learning from habit learning. In light of this, there 
seem to be two possible explanations for our finding that males show low 
functional connectivity in action-outcome associated regions. First males may 
only engage the action-outcome network during early trails of stress exposure 
while the wheel turn response is being learned. After the action-outcome 
contingency is learn, stress regulation may take over with PL inhibition of the 
DRN component and account for the majority of network activity. If action-
outcome is only engaged in the beginning of ES, Fos may not be the appropriate 
tool for determining contributions of action-outcome regions and measures with 
higher temporal specificity such as in vivo calcium imaging or electrophysiology 
may be needed. An alternative explanation for the lack of functional connectivity 
in action-outcome associated regions induced by ES in males is that action-
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outcome learning may not be the key feature driving the PL that ultimately leads 
to resilience in ES. Thus, while the PL and DMS are necessary for ES (Amat et 
al., 2005, 2014), our network analysis suggests that there may be other more 
ROIs (e.g., BNSTlv, discussed below) that play an important role ES. More 
research is needed to determine if action-outcome learning is necessary for ES 
and if so, when these structures are engaged. 
  
That functional connectivity between action-outcome regions was highest in 
females after IS was surprising. These results may reflect differences in networks 
activated in response to the behavioral strategies being used during stress. In 
support, several lines of preclinical work demonstrate sex differences in the 
physiological and behavioral responses to stress. Administration of corticotropin 
releasing factor (CRF), a regulator of the stress response, results in sex 
differences in both behavioral response and functional connectivity (Wiersielis et 
al., 2016). The forced swim test is used as an acute stress and as and assay to 
measure of active - swimming and climbing behavior- versus passive coping - 
floating. Females engaged in more passive coping and show an increased 
corticosterone response following swim stress (Drossopoulou et al., 2004; 
Rincón-Cortés and Grace, 2017). Several studies in humans also provide 
evidence of sex differences in functional brain networks using resting-state 
functional connectivity MRI (Ghahramani et al., 2014). An analogous “resting-
state” functional connectivity network in rodent couldn’t be constructed with data 
from the HC animals, as Fos was not detected across most of the regions. In 
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humans, resting state functional connectivity between the amygdala and other 
regions is associated levels of the stress hormone, cortisol (Kogler et al., 2016). 
Males show increased functional connectivity between the amygdala and 
Females showed decreased functional connectivity between the amygdala and  
 
Higher functional connectivity among all ROIs during IS may result from 
concerted modulation to promote coordinated activity, as several 
neuromodulators are increased as a result of IS. In response to IS extracellular 
5-HT increases in the DRN, PAG, mPFC, BLA, hippocampus, nucleus 
accumbens, DMS (Amat et al., 1998a, 1998b; Bland, Hargrave, et al., 2003; 
Bland, Twining, et al., 2003; Clark et al., 2015). Stress is generally known to 
broadly activate the mesolimbic dopamine system, and IS has been shown to 
increase dopamine in mPFC (Bland, Hargrave, et al., 2003). Activation of the 
locus coeruleus norepinephrine system is considered to be the cognitive arms of 
the stress response (Valentino and Van Bockstaele, 2008), and IS raises 
extracellular norepinephrine (Abercrombie, Keller and Zigmond, 1988). In 
response to IS, broad release of neuromodulators like 5-HT, dopamine, 
norepinephrine across the limbic system may drive concerted activity in the 
stress network. 
 
Graph network analysis identified a number of hubs across conditions. Hubs 
have been identified through analysis of brain networks across a wide range of 
species are believed to play an essential role in organization of behavior and 
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information processing (van den Heuvel and Sporns, 2013). For example, hubs 
identified through similar methods during remote fear learning are necessary for 
memory consolidation (Vetere et al., 2017). Inactivation of hubs based on high 
node degree predicted marked disruption of the network in silico and predicted 
deficits observed in fear memory consolidation following in vivo inactivation. 
Some of the candidate hubs we identified have already been investigated in 
stressor controllability. In the ES condition, the PL stands out as a hub with high 
degree, betweenness and participation coefficient, and prior work has 
demonstrated that the PL is essential to ES as inactivation of the PL blocks the 
stress protective effects of ES (Amat et al., 2005). Notably, in the female ES 
group the PL did not stand out as a likely hub. While in the female ES network 
the PL did have high degree, both the measures of betweenness and 
participation coefficient fell lower than the top quartile.  
  
The BNSTlv emerged as a likely hub in the male ES condition, and represents a 
node of high degree and participation coefficient in the IS condition.  The BNSTlv 
has not been investigated in the context of stressor controllability but shows 
activation following exposure to IS (Christianson et al., 2009) and is required for 
the potentiation of fear conditioning, shuttle-box escape deficit, and reduced 
social exploration following IS (Hammack et al., 2004; Christianson et al., 2009). 
These findings for IS fit well with abundant evidence showing the BNST is 
involved in anxiety (Walker and Davis, 2008). Anatomically, the BNSTlv is 
positioned to exert influence over stress as it is highly interconnected with many 
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limbic structures including the prefrontal cortex, hippocampus, and amygdala 
(Dong et al., 2001; Dong and Swanson, 2004). A number of manipulations in the 
BNST produce anxiogenic results including intra-BNST infusion of CRF 
(Shahuque et al., 2006). Activation of the BNSTlv is suggested to influence 
individual differences in rats’ responses to stress (Duvarci et al, 2009). However, 
inconsistencies in the effects of BNST lesions on measures of anxiety 
demonstrate that its role in stress is not fully understood (Treit et al., 1998, 
Waddell et al., 2006). Pathway specific work has revealed that different 
subdivisions of the BNST can play opposing roles on stress and anxiety (Kim et 
al 2013).  
 
Connectivity between the PL and BNSTlv may play an important role in stressor 
controllability. Recent work demonstrates that photo-inhibition of the PL to 
BNSTlv pathway increased passive coping while activation of the pathway 
reduces passive coping (Johnson et al., 2018). Given that the male ES condition 
the PL, BNSTlv both emerged as potential hubs, and the PAG showed high 
participation coefficient and degree may suggest an important role for this 
pathway. Activation of the PL during control over stress may drive the PL-
BNSTlv-PAG pathway to maintain coping in addition to inhibition of the DRN 
(Johnson et al., 2018). Alternatively, the Male IS condition, where the DRN is a 
hub, high levels of 5-HT in the BNSTlv may recruit CRF neurons which generate 
anxiogenic responses typically associated with the BNST (Marcinkiewcz et al., 
2016).  
 
  125 
 
That the BNSTlv did not emerge as a hub in either of the female conditions may 
also be meaningful. Modulation of anxiety-like behaviors by BNST is sex specific 
(Duque-Wilkins et al., 2016), and the BNST is necessary for enhanced learning 
following stress in males and masculinized females, but not in cycling females 
(Wood et al., 2001, Hodes & Shors, 2005, Bangasser & Shors 2008). These 
differences may be due to a number of sex difference exist subdivisions of the 
BNST, including size of the nuclei (del Abril, Segovia and Guillamon, 1987; 
Chung, Swaab and Vries, 2000), receptor expression (Worley et al., 2019, under 
review), and density of projections (Polston, Gu and Simerly, 2004). Thus, 
sexually dimorphic regions such as the BNST may show sex differences in 
functional connectivity due to differences in anatomical connectivity and 
neurochemistry. 
 
Some regions known to be critical for the effects of IS or ES were not identified 
as hubs through our network analysis. The LHb in known to be necessary for IS 
as optogenetic silencing of the LHb during IS blocks the behavioral and 
neurochemical effects of IS (Dolzani et al., 2016). LHb provides excitatory drive 
to the DRN (Kalén, Karlson and Wiklund, 1985). However, as Fos in LHb and in 
the LHb-DRN pathway is not sensitive to control, so perhaps not surprising to 
find it in the IS or ES networks (Dolzani et al., 2016).  
 
Vulnerability seems to be associated with higher functional connectivity within the 
stress network. ES may confer resilience, in part, by interrupting connectivity 
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within the stress network. Under the current experimental conditions control over 
stress doesn’t appear to be sufficient to disrupt the stress network in 
females.  Pharmacological intervention with sedatives during IS has been shown 
to mitigate the consequences of IS (Drugan et al., 1984). Recent research with 
male participants focused on neurofeedback that specifically identifies a 
electroencephalographic signature of the amygdala has been shown to be 
effective at enhancing stress coping, inhibiting stress induced activity in the 
amygdala, and increases functional connectivity between prefrontal cortex and 
the amygdala. Future work should focus on means of disrupting the stress 
network through pharmacological, biofeedback, neurofeedback approaches. In 
the IS network for males and females the DRN has high degree and 
betweenness and in females has high participation coefficient. In inactivation of 
the DRN during IS blocks the behavioral consequences of IS. Within these two IS 
networks the CG also stands out as likely hub, which would lead us to 
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Discussion   
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Discussion 
The goals of the dissertation were 1) determine if eCBs in the PL promote 
neuronal excitability and behavioral resilience 2) test if ES and IS result in 
differential activation PL afferents, and will specifically test if ES results in greater 
activation PL-inputs from action-outcome associated regions, while IS leads to 
greater engagement of stress/fear inputs to the PL, and 3) identify network-wide 
patterns of activation and test the hypothesis that the stress and action-outcome 
networks are differentially activated as a function of stressor controllability and/or 
sex. We’ve demonstrated that augmenting eCBs in the PL with KML29, a potent 
and selective MAGL inhibitor, increased excitability in acute brain slices through 
a CB1 and GABA receptor dependent mechanism. When administered into the 
PL prior to IS, KML29 was sufficient to block the stress induced decrease in 
social exploration. However, systemic administration dose dependently 
exacerbated stress induced social anxiety. Regarding goal 2, PL inputs from the 
MD thalamus and OFC, two regions associated with action-outcome learning, 
were not sensitive to stressor controllability, though CTB+ cells were activated in 
the OFC by stress per se. Inputs to the PL from the DRN nucleus were activated 
by stress per se but were not sensitive to stressor controllability. Lastly, we 
quantified Fos expression in response to controllable and uncontrollable stress in 
male and female rats in 24 brain regions associated with stress, action-outcome 
learning, and showing sex differences in response to stress. Using interregional 
correlations, we found differences in functional connectivity as a function of 
stressor controllability and sex when considering all 24 regions and when 
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considering only stress associated regions. Females showed greater overall 
functional connectivity compared with males, and IS resulted in greater overall 
connectivity than ES. We also reveal potentially important nodes in functional 
connectivity networks using centrality measures to identify network hubs. Our 
analysis identified the PL as a potentially important hub for ES, providing further 
support for the importance of this region already identified the necessity of this 
region in the protective effects of ES. We have also identified the BLA and 
BNSTlv as potential hubs for ES. Importantly these regions are known to be 
involved in the negative consequences of IS, but their role in ES remains to be 
determined.  
 
I will discuss the implications and limitations of these results on our 
understanding of the role of the PL in the neural mechanisms stress resilience, 
with focus on several big-picture questions about this work that remain 
unanswered. First, I will discuss how prefrontal eCBs effect resilience. Then I will 
discuss the uses and limitations of using Fos as a measure neuronal activity. 
Then the discussion will focus on sex differences in response to control over 
stress as well as differences in response to controllable versus uncontrollable 
stress. I will discuss our current understanding mechanisms regulating PL 
engagement during controllable but not uncontrollable stress. Further, I will 
speculate on how the stress network may be altered in response to 
uncontrollable stress. Finally, I will discuss some the clinical applications of this 
work to aid out understand of stress related neuropsychiatric disorder such as 
PTSD.  
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How do prefrontal eCBs effect stress resilience? 
Chapter 1 demonstrated that augmenting 2-AG signaling specifically in the 
vmPFC increased excitibility in the deep layers of the PL in acute slices and 
facilitated stress resilience in vivo. Increased excitability is consistent with 
previous reports that CB1 receptors are predominantly found on GABAergic 
interneurons in the PFC (Chiu et al., 2010; Hill et al., 2011). It remains unknown 
how augmented eCB signaling in the vmPFC confers resilience, but increased 
excitability within the PFC following prophylactic treatment of intra-vmPFC 
ketamine (Maier and Watkins, 2010; Amat et al., 2016), picrotoxin (Baratta et al., 
2007), and optogenetic stimulation (Baratta et al., 2018)have all been show to 
lessen the impact of IS on later anxiety like behaviors. Increased excitibility within 
the vmPFC may lead to activation of PL neurons projecting to the DRN to 
prevent 5-HT cell sensitization, or it may lead to PL regulation of the stress 
response. 
 
Exposure to stress has also been shown to increase 2AG release within the 
vmPFC through a glucocorticoid-dependent mechanism, which acts to disinhibit 
pyramidal neurons in the PL and promote termination of the hypothalamic-
pituitary-adrenocortical (HPA) stress response (Hill et al., 2010). Thus, 
augmenting vmPFC 2-AG signaling with KML29 may be blunting the HPA 
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response during IS. While the mechanism through which eCB induced PL 
excitability confers resilience remains to be determined, our data provide new 
routes for investigation into how to refine and augment eCB signaling within the 
vmPFC as a candidate pharmacotherapy that promote resilience and stress 
coping. 
When is Fos a good estimate of neuronal activity? 
Fos is a widely used measure of neuronal activity. Chapter 3 provides an 
example of the how Fos can be used to gain insights in the functional 
connectivity and network structure in response to stimuli.  By quantifying Fos 
across 24 brain regions and comparing interregional correlations, we were able 
to identify sex differences and controllability differences in these regions and 
subnetworks. Conversely, chapter 2 may exemplify the limited usefulness of Fos 
investigation neuronal activity in discrete regions which may be engaged at 
different times or to different degrees during a long (e.g. ~2h) stimulus. That no 
regions showed sensitivity to stress controllability or sex differences in the 
number of Fos labeled PL projecting cells may suggest that analysis of Fos may 
not be the best method for detecting controllability dependent activity. Analysis of 
Fos allows for ex vivo assessment of immediate early gene expression, which 
are produced in response to increases in extracellular calcium resulting activation 
of NMDA receptors or voltage gated calcium channels (for review see, 
(McReynolds et al., 2018). While previous studies have detected Fos differences 
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between ES and IS, they required looking as specific subpopulations of cells via 
colabeling with neurotransmitters in the DRN or tract specific tracing (Grahn et 
al., 1999; Baratta et al., 2009). For example, IS produces more colabeling 
between Fos and 5-HT DRN (Grahn et al., 1999).  However, IS has been shown 
to produce sustained activation of the DRN throughout exposure to IS. Sustained 
activity would result in turn result increased extracellular calcium and increased 
Fos expression. Thus, analysis of Fos may be best suited for detection of activity 
in regions where sustained activity occurs in response to the experimental 
stimulus. Similarly, ES increases Fos colocalization in PL inputs may to the DRN. 
The PL is thought to play a dual role during ES. First it has been proposed to be 
involved in detection of the action-outcome contingency during ES (Amat et al., 
2014). Subsequent to detection of control, the PL likely then inhibits the DRN to 
prevent DRN 5-HT sensitization (Rozeske et al., 2011). Here, regulation of the 
DRN may require sustained activation throughout the long stress exposure. In 
contrast, detection of control over stress by action-outcome associated regions 
may occur early during ES, as rats reach mastery within a few trials (see wheel 
turning data from chapter 3). Once learned, inputs from these regions may no 
longer be required. Without sustained activation, Fos may not be a sensitive 
enough measure over a such a lengthy stimulus. Alternative approaches, such 
as in vivo electrophysiology or calcium imaging, may be needed to resolve the 
differences in activation within the inputs.  
 
It remains possible that the results we see in chapter 2 reflect the underlying 
neurobiology, suggesting that PL inputs from the BLA, MD, OFC, and DRN do 
 
  133 
not account for the differences in response between ES and IS or between males 
and females. This suggests that the PL doesn’t receive different information 
regarding action-outcome contingency from the OFC, MD or BLA. Furthermore, 
DRN drive of the PL does not differ between ES and IS, at least not at the level 
of the DRN cell bodies. In light of this, these results suggest that further 
investigation of these circuits be conducted using in vivo electrophysiology or 
calcium imaging to gain a better understanding of the potential roles of these 
afferents to guide further pathway specific manipulations through optogenetics or 
chemogenetics.  
 
As mentioned, chapter 3 provides an example of the how Fos can be useful to 
compare covariance between regions.  We quantified Fos across 24 brain 
regions and compared interregional correlations, and we were able to identify sex 
differences and controllability differences in these regions and subnetworks. 
Under these conditions Fos may be of use as a general measure of neuronal 
activity within a region rather than an estimate of total activity. Used in this way, 
Fos has been shown to be useful in analysis of functional connectivity in similar 
way to other general measures of neural activity such as fMRI (Rogers-Carter et 
al., 2012; Wheeler et al., 2013). The networks we identified with this approach 
revealed hubs - which may play particular important roles the network (Vetere et 
al., 2017). Among identified hubs were the PL and DRN, which have already 
been identified as key components ES and IS (Maier et al., 1995; Amat et al., 
2005). The other identified hubs and network structure will facilitate the 
development of directed hypothesis.  
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What is different between ES in male and females?  
Male and female rats respond differently to controllable stress, which seems to 
be at least in part due to engagement of the PL-DRN circuit in males, but not in 
females (Baratta et al., 2009, 2018). We demonstrated in chapter 3, as have 
others (Baratta et al., 2019), that males and females do no differ in their ability to 
learn to perform an operant wheel turning task to escape electrical shock. That 
females do not differ in wheel turning performance, but this escape behavior 
doesn’t confer resilience, might suggest that females are learning the wheel 
turning response through a different system (i.e. males use may action-outcome 
learning, while females may use habit learning). Support for sex differences in 
instrumental learning systems have been shown. Females show habitual 
behavior sooner than males during operant training (Schoenberg et al., 2019). 
Chapter 3 didn’t find a difference in functional connectivity between males and 
females following ES in the a priori defined action-outcome network, but ES in 
females elicited higher functional connectivity between the stress network and 
action-outcome network than in males. This may suggest that stress has a 
different impact on instrumental learning processes depending on sex.  
 
Differences in PL output may reflect activation of different inputs to the PL, and 
these inputs may be coming from regions involved in promotion of the stress or 
from regions conveying information about action-outcome contingency. Chapter 
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2 revealed no differences in engagement of PL inputs from several structures 
involved in action-outcome learning, emotional valence, or stress as a result of 
sex or stressor controllability. These results suggest that these inputs do not 
differ between males and females, and revealed that there were no differences in 
activation of PL inputs from the DRN.  
 
Evidence suggests that women and women use different coping strategies 
(Tamres, Janicki and Helgeson, 2002; Matud, 2004; Aldao and Nolen-
Hoeksema, 2012). Women report using emotion- and avoidance-based coping 
styles significantly more frequently than male participants did (Matud, 2004). In 
response to a stressful mock-captivity exercise, women used the coping 
strategies of denial, self-blame, positive reinterpretation more frequently than 
men and showed higher levels of post-traumatic stress symptoms. Compared to 
active, problem focused coping, passive coping strategies are generally less 
effective in reducing distress (Carver, Scheier and Weintraub, 1989) and have 
been associated with greater PTSD symptomology (Blake, Cook and Keane, 
1992). The sex differences in prevalence of stress related neuropsychiatric 
disorders is often attributed to differences in coping strategies employed between 
men and women, however here the same strategy was made available (wheel 
turning to terminate shock) and male and female rats performed equally. Thus, 
future investigations must adapt the stressor controllability paradigm or its 
parameters such that female rats show a benefit of coping. Only then will we be 
able to ascertain the underlying neurobiology.  
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That functional connectivity between action-outcome regions was highest in 
females after IS was surprising, but these results may reflect differences in 
networks activated in response to the behavioral strategies being used during 
stress. In support, a several lines of preclinical work demonstrate sex differences 
in the physiological and behavioral responses to stress. Administration of 
corticotropin releasing factor (CRF), a regulator of the stress response, results in 
sex differences in both behavioral response and functional connectivity 
(Wiersielis et al., 2016). The forced swim test is used as an acute stress and as 
and assay to measure of active - swimming and climbing behavior- versus 
passive coping - floating. Females engaged in more passive coping and show an 
increased corticosterone response following swim stress (Rincón-Cortés and 
Grace, 2017). 
 
These sex differences in coping strategies in response to stress raise an 
important question; is the paradigm used to testing stressor controllability in 
males appropriate for testing stressor controllability in females? An ideal 
paradigm in one sex may not be appropriate for testing the other. An example of 
this is provided Pavlovian fear conditioning. Traditional rodent models quantify 
freezing as species specific response to a Pavlovian conditioned fear cue. 
Recent work demonstrates that freezing may be less effective as a measure of 
fear in females, as they are more likely to engage in alternative fear response 
characterized by rapid movement (Gruene et al., 2015). This example 
demonstrates that in response to an adversity, males and female may naturally 
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engage in different coping strategies. Therefore, while wheel turning to terminate 
a shock is an appropriate coping strategy for males, it may not be sufficient for 
males. It is unknown if control over stress in another paradigm would similarly 
confer resilience in females.  
Is action-outcome learning the key element of ES? 
 
Our results in Chapter 2 suggest that information the PL regarding action-
outcome contingency during ES is not coming from the MD, OFC, or BLA. Based 
on anatomical inactivation studies targeting the PL and dorsal striatum, the stress 
blunting effects of ES are believed to rely on action-outcome learning circuitry. 
First, the PL a critical role of inhibiting the DRN during ES, but the PL is 
necessary for instrumental responding to be occur through action-outcome 
learning (Corbit and Balleine, 2003). Second, the DMS and DLS play dissociable 
roles in instrumental learning; The DMS is required for action-outcome learning, 
and the DLS is required for habit learning (Yin, Knowlton and Balleine, 2004; 
Hart, Bradfield and Balleine, 2018). ES under DLS inactivation still confers 
resilience, but the stress buffering effects are blocked when ES occurs with DMS 
inactivation (Amat et al., 2014). During ES, the DMS may be necessary for 
learning the contingency between wheel turning and shock terminating, as DA 
signaling in the DMS is required for learning action-outcome contingencies (Lex 
and Hauber, 2010). DA in the PL alters instrumental responding but isn’t 
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necessary for action-outcome learning (Lex and Hauber, 2010). An unresolved 
question is how information regarding the action outcome contingency gets to the 
PL, as the DMS does not send direct projections to the PL (Hoover and Vertes, 
2007). As a major thalamic input to the PL, the one potential source. Reciprocal 
connections exist between the MD and PL and have been shown to be 
necessary for action outcome learning (Bradfield, Hart and Balleine, 2013).  The 
vlOFC has been shown to be involved in the acquisition of action-outcome 
learning, particularly when there is a shift in action-outcome contingency (Parkes 
et al., 2018). Additionally, the BLA is also necessary for action outcome learning 
(Corbit and Balleine, 2003; Ostlund and Balleine, 2008), thus its inputs to the PL 
could convey action-outcome information. However, in light of our findings it 
seems unlikely that this information is carried through the either the MD, OFC, 
BLA.  
 
These conclusions leave open the question regarding where information about 
the action-outcome contingency is detected to subsequently engage PL inhibition 
of DRN 5-HT neurons. One possible explanation is that detection occurs within 
the PL itself, but further work is need to determine if the PL receives differential 
input as a function of sex and controllability or if information flow through layers 
with the PL differs between ES and IS and males and females.  
 
 
Clinical Relevance  
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Chapter 3 revealed that IS results in greatest functional connectivity overall and 
in the stress network. Moreover, this effect was greater in females than in males. 
Thus, it appears that vulnerability is associated with higher functional connectivity 
within the stress network. ES may confer resilience, in part, by interrupting 
connectivity within the stress network. Under the current experimental conditions 
control over stress doesn’t appear to be sufficient to disrupt the stress network in 
females. These results suggest that disruption of the stress network during IS 
may sufficient to produce resilience. Indeed, pharmacological intervention with 
sedatives during IS has been shown to mitigate the consequences of IS (Drugan 
et al., 1984). Research seeking clinical intervention to prevent the negative 
consequences of stress may benefit from focusing in means of disrupting the 
stress network.  
 
Recent research with male participants has focused on neurofeedback that 
specifically identifies a electroencephalographic signature of the amygdala has 
been shown to be effective at enhancing stress coping, inhibiting stress induced 
activity in the amygdala, and increases functional connectivity between prefrontal 
cortex and the amygdala. This work suggests that target disruption of a single 
network node, one also identified as a hub in our network, is sufficient to promote 
stress coping. Future work should focus on means of disrupting the stress 
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External intervention to disrupt the stress network is a promising avenue of 
research, but an important question remains unanswered. Can similar disruption 
of stress network promote resilience in females? In chapter 3 we saw that ES in 
females still resulted in greater functional connectivity in the stress network than 
ES in males. This may suggest that control over stress alone isn’t sufficient to 
engage cortical regulation of the stress response.  Perhaps some attenuation of 
the stress network in females would allow PL to gain control over it during ES. 
 
Conclusion  
Altogether, the work described in this dissertation outlines sex differences in 
neural mechanisms underlying stress and coping, as well as a role of 
endocannabinoids in this process. The findings of this research emphasize the 
need to study differences between males and females across all realms of 
neuroscience, particularly in relation to disorders of stress and anxiety. Future 
directions of this research will provide further insights to the neural mechanisms 
that allow for the protective effects of control over stress and hopefully lead to 
improved treatments to address the differences in the neural mechanisms of 
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